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GENERAL INTRODUCTION 
Using recombinant DNA teclinology it is possible to design genetically 
engineered proteins with desired characteristics for specific application(s). This work 
was undertaken to investigate the effects of genetically engineered charged fusions 
on protein purification, immobilization and chromatograpic retention by ion-
exchange. A series of p-galactosidase fusions with negatively-charged peptides 
fused to the carboxyl termini of the protein's four subunits were used to accomplish 
the goal. The tails were a series of polyaspartate fusions of the form: Gly-Asp-Pro-
Met-Ala-(Asp)n"Tyr adding 1,5,11, and 16 negative charges to p-galactosidase 
designated as BGCD1, BGCD5, BGCD11, and BGCD16, respectively. The three 
main objectives of this work are outlined in the following paragraphs along with the 
specific questions which each was designed to answer. 
The first objective was to study the selectivity enhancement provided by the 
p-galactosidase fusions for protein purification using ion-exchange membrane 
adsorption. Previous research (Parker et al., 1990) in our laboratory has taken 
advantage of the same series of fusions to enhance selectivity of recovery via 
precipitation with the cationic polyelectrolyte, polyethyleneimine. Enrichment 
exceeding five-fold was obtained when the fusions were precipitated from cell 
extracts which had been pretreated by nuclease digestion and diafiitration to remove 
nucleic acids. However, the tails were much less effective without nucleic acid 
removal. The two questions to be answered were: 
1. Can ion-exchange membrane adsorption be used to recover 
p-galactosidase directly from cell extract? 
2. Can the presence of the charged peptide tail be used to increase the 
selectivity of the process? 
The second objective was to examine the potentiai end use advantages of the 
same series of p-galactosidase fusions for immobilization on ion-exchange 
membranes. The questions to be answered were: 
1. Can each of the fusions be immobilized directly (without removal of the 
added tails) on ion-exchange membranes to form an immobilized enzyme 
reactor (IMER) suitable for lactose hydrolysis? 
2. Does the presence of tail enable the BGCD111MER to function without 
leakage at higher ionic strength than the wild-type commercial 
p-galactosidase (BGWT) IMER; and does it facilitate the development of 
IMER directly from the cell extract? 
The third objective was to investigate the contributions of the high linear 
charge density region of the fusion tails to protein retention in anion-exchange 
chromatography. This part of the worl< focused on the following questions: 
1. Can the extent of electrostatic interaction of each fusion with the ion-
exchange groups on the stationary phase be quantified using existing 
models? The stoichiometric displacement model (Boardman and . 
Partridge, 1955) was used to characterize the protein retention. 
2. Would the fusions with high linear charge density regions created by the 
added tails and the unmodified BGWT with the same net charge (by pH 
variation) exhibit different retention behavior? Besides charge density, 
protein retention depends on both the three dimensional structure and the 
charge distribution. Hence, under the same net charge, we expected that 
the high linear charge density tail region would promote stronger binding 
relative to BGWT. 
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Explanation of Dissertation Format 
The dissertation contains three papers. Each consists of experimental work 
performed and is presented in a journal format. Preceding these papers is a 
literature review to provide the reader a basic introduction to the subjects of protein 
separation, enzyme immobilization and ion-exchange chromatography. 
The first paper focuses on the use of charged fusions to enhance 
p-galactosidase purification and recovery from cell extract. This was accomplished 
by using a simple, easily scalable, and inexpensive charge-based separation 
method, adsorption on microporous hollow fiber ion-exchange membrane. The 
second paper presents end use advantages of the charged purification fusions for 
immobilization onto similar ion-exchange membranes. Experimental work included 
the use of these IMERs for hydrolyzing lactose in pure form and as found in acid 
whey permeate, as well as the development of an IMER directly from cell extract. 
The third paper deals with the contributions of the high linear charge density region 
of these fusion tails to protein retention in anion-exchange chromatography. A 
stoichiometric displacement model was used to characterize the retention. 
Following the third paper is a general conclusion and a list of all the 
references cited in the general introduction and literature review. Three appendices 
are included. The first details the development of the stoichiometric model used in 
the third paper. The second appendix includes the estimated net charge of the wild-
type p-galactosidase and the charged fusions as a function of pH. The third 
appendix consists of Peclet and Damkohler number calculations. 
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Literature Review 
Protein Separation 
Advances in bioteclinology have made it possible to produce proteins of 
interest in sufficient quantities. However, the downstream processing technology for 
separating and purifying proteins has not kept pace with these advances. The cost of 
product recovery often exceeds that of the fermentation itself (Bell et al., 1983; 
Bjurstrom, 1985; van Brunt, 1985) and hinders applications in medicine, agriculture, 
and industry. 
A typical scheme for protein purification consists of a series of steps, from 
initial clarification through fractionation and concentration to highly selective 
purification methods. The difficulties encountered are dependent on the fermentation 
process. The primary problem associated with extracellular protein is that, although 
of relatively high purity, it is typically present in a dilute broth. In contrast, intracellular 
protein requires cell disruption to release the product and, hence, is typically present 
in a relatively concentrated but complex mixture of sometimes fairly similar materials. 
The purification process is further complicated by the fact that proteins are labile 
molecules and can be denatured if subjected to environment of pH extremes, heat, 
or organic solvent. Thus the purification and recovery processes must be well-
conceived and designed to provide high purity products in concentrated and active 
forms. 
Genetic Engineering for Enhanced Protein Separation 
Enhancing protein separation through genetic engineering is typically 
accomplished by fusing a purification "tag" to the terminus of the target protein. The 
tag, also referred to as "tail", endows the target protein with specific properties that 
facilitate its purification. Purification fusions have proven to be a powerful approach 
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for simplifying challenging separation tasks and have been Implemented with 
impressive improvement in purification by immunoaffinity (Abrahmsen et al., 1986; 
Hellebust et al., 1988; Hopp et al., 1988; Moks et al., 1987; Niisson et al., 1985a & b; 
Uhlen et al., 1983), substrate affinity (Germino and Bastia, 1984; Ullman 1984; Veide 
et al., 1987), metal chelation (Hochull et al., 1988), cation exchange chromatography 
(Brewer and Sassenfeld, 1985; Sassenfeld and Brewer, 1984) and polyelectrolyte 
precipitation (Parker et al., 1990; Niederauer et al., 1993). 
P-Galactosidase and Charged Fusions 
P-Galactosidase from Escherichia coli is a tetrameric enzyme consisting of 
four identical subunlts of 1023 amino acids each and a total molecular weight of 
about 465,412 (Kalnins et al., 1983). The integrity of the four subunits is necessary 
for biological activity. P-Galactosidase catalyzes the hydrolysis of lactose to produce 
galactose and glucose. Numerous p-galactosldase fusion proteins have been 
prepared, either as a purification tag (Ullman. 1984; Veide et al., 1987) or target 
protein (Zhao et al., 1990; Parker et al., 1990; Chen et al., 1991). The (3-
galactosidase charged fusions originally constructed by Zhao et al. (1990) and 
Niederauer et al. (1993) were used in this study and their genetic modifications are 
detailed below. 
P-Galactosidase was chosen by Zhao et al. (1990) as a model protein for 
exploring the characteristics of charged purification fusions for several reasons: (1) 
its ability to tolerate fusions without loss of biological activity; (2) its simple 
colorimetric assay; and (3) its high degree of characterization, both genetically and 
biochemically, p-galactosidase has also been found to offer the advantage of being 
resistant to proteolysis (Sassenfeld, 1990). 
The pUR290 plasm id (Riither and Mûller-Hill, 1983) used carried the lac Z 
gene coding for full length p-galactosidase. A schematic of p-galactosidase fusion 
synthesis is shown in Figure 1. The synthetic restriction fragments coding for the 
anionic fusions were inserted between the BamHI and HinDIII sites at the 3' end of 
the lacZ gene. The resulting carboxyl terminal oligonucleotide and the corresponding 
protein sequences are depicted in Figure 2. The p-galactosidase fusions have been 
characterized (Zhao et al., 1990; and Niederauer et al., 1993) and recovered by 
polyelectrolyte precipitation (Parker et al., 1990, Niederauer et al., 1993). The 
fusions used in this study were expressed in a constitutive strain, E co//Y1089-1. 
The specific activity of these fusions, with the exception of BGCD16, are nearly 
equal that of BGWT. 
Ion-Exchange Chromatography 
Ion-exchange chromatography (IEC) is an efficient technique for protein 
separation which has become the most widely used step in downstream processing. 
A survey of published literature found that ion-exchangers were used in 75 % of all 
protein purifications (Bonnerjea et al., 1986), Chromatographic methods, whether by 
ion-exchange, affinity, hydrophobic, size-exclusion, or other retention mechanisms, 
involve introducing a solute mixture into a column followed by excess solvent. The 
column contains solid adsorbents which retard specific solutes and cause each 
solute to travel at a different rate through the column. The difference in the migration 
velocity which arises from the difference in interaction strength of each component 
with the solid adsorbents is the basis for separation in elution chromatography. In 
lEC, the interactive force involved is mainly electrostatic. 
, P,0, lacZ 
INSERT 
pUR290 
Transcription 
Translation 
COOH 
NHgJ P"93' 
I Tetramerization Into active form 
Figure 1: A schematic of p-galactosidase biosynthesis 
BamHI Hindlll 
pUR 290: CM AAA GGG GAT CCG TCG ACC TGC AGC CAAGCTTAT CGA TGA 
Gin Lys Gly Asp Pro Ser Thr Cys Ser Gin Ala Tyr Arg *** 
BGCD1 : CAA AAA GGG GAT CCG ATG CGA TAC TGAAGCTTA 
Gin Lys Gly Asp Pro Met Ala Tyr *** 
BGCD5; CAA AAA GGG GAT CCG ATG CGA (GAC)^ TAC TGAAGCTTA 
Gin Lys Gly Asp Pro Met Ala (Asp)^ Tyr *** 
BGCD11 : CAA AAA GGG GAT CCG ATG CGA (GAC)io TAC TGA AGC TTA 
Gin Lys Gly Asp Pro Met Ala (Asp)io Tyr *** CO 
BGCD16; CAA AAA GGG GAT CCG ATG CGA (GAC)i5 TAC TGA AGC TTA 
Gin Lys Gly Asp Pro Met Ala (Asp)^^ Tyr *** 
Figure 2: The pUR290 vector and the amino acid sequences of the peptide tails fused to the carboxyl 
terminus of p-galactosidase (Zhao et al., 1990). The restriction sites for DNA inserts are underiined. 
The *** indicates a stop codon which terminates protein translation 
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Figure 3 schematically illustrates the general operation in column 
chromatography. Packing materials or chromatographic media are usually packed 
into a column. The applied sample occupies a certain part of the column which is 
referred to as the "zone" or "band". During elution, the effluent (eluate) from the 
outlet of the column is monitored either continuously or discontinuously while solvent 
(eluant or elution buffer) is fed to the column inlet. The variation of eluate 
concentration with time or the volume from the start of the elution gives the elution 
curve which is sometimes referred to as elution profile, elution pattern, 
chromatogram, or simply the peak (Figure 3). The position at which the elution 
profile is maximum is the peak position; the corresponding time and volume are the 
peak retention time, tp^ and the elution volume, Vg, respectively. 
A chromatographic column consists of two phases: mobile and stationary. 
The mobile phase is the space occupied by the. solvent and its total volume is 
equivalent to the column void volume, VQ. The stationary phase is simply the solid 
chromatographic media with a volume of (V^Qiai • VJ. The success of separation by 
chromatographic methods relies mainly on the distribution of the solute of interest 
between these two phases. The partition of a solute between these two phases is 
described by the distribution coefficient, K^, given by the equation 
K.=jJl (1, 
where [S^] and [SQ] are the solute concentrations in the stationary and mobile 
phases, respectively. Solute retention is often expressed as the capacity factor or 
10 
Chromatographic Column 
Sample 
Applied 
Sample 
Zone. 
4 
Ion-Exchange 
Material 
Elution Profile 
§ 
2 
Time or Volume 
Figure 3: Schematic illustration of a chromatographic column and an elution 
curve (patterned after Yamamoto et al., 1988) 
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partition ratio, !<', defined by the equation 
(2) 
where tg is the retention time of a non-retained solute. 
Ion-Exchangers for Protein Separation 
Separation of ionic species were first achieved with either sulfonated or 
quaternized polystyrene-divinyibenzene (PSDVB) (Yamamoto et al., 1988). 
However, the hydrophobic nature and the pore size of these matrices render them 
unsuitable for protein separations. The small pore size restricts the entrance of 
proteins; the strong nonspecific adsorption between these hydrophobic sorbents and 
proteins necessitates the use of organic solvent or pH extremes (sufficient to 
denature the protein) for elution. 
The first hydrophilic ion-exchanger with large pore size used for protein 
separation was made from a derivatized cellulose matrix (Sober and Peterson, 1954; 
Sober et al., 1956). The subsequent synthesis of cross-linked dextran ion-exchange 
gels in the 1960's firmly established ion-exchange as a separation technique for 
protein recovery. 
The primary limitation of these hydrophilic gels is poor mechanical strength. 
Their softness and swelling or shrinldng characteristics result in poor flow distribution 
and inefficient separation. Developments directed at the synthesis of hard, 
hydrophilic ion-exchangers for better speed and resolution of separation resulted in 
the cross-linked agarose ion-exchange gels, hydrophilic vinyl polymer ion-exchange 
gels, and others (Yamamoto et al., 1988). The first pressure-stable, high resolution 
ion-exchange packing materials of very small silica particles (-10 ^m diameter) were 
described by Chang et al. (1976) and have enabled high performance ion-exchange 
12 
Chromatography (HPIEC) of proteins. Up to now, these silica and organic polymer 
packings have been the usual choices for analytical and preparative scale HPIEC 
protein separation. 
Specialized Materials for lEC of Proteins 
Although HPIEC using silica and organic polymer supports represents 
significant improvements over the first protein ion-exchange process, it has the 
disadvantages associated with the packed bed column operation. Traditional HPIEC 
is characterized by slow flow rate and low throughput due to the restricted mass 
transport inherent in diffusion dominant system. Another drawback of HPIEC is 
difficulty in scale-up. The successful industrial applications of HPIEC rely on 
overcoming the difficulties in large scale operation. These include the mechanical 
stability of packing materials, designs of the column tubes and end fittings, packing 
of the large column, fouling and cleaning of the column, and accurate prediction of 
column performance based on the data obtained with small columns (Yamamoto et 
al., 1988). 
Numerous ion-exchange media directed at overcoming the low throughput 
and difficulty in scale-up operation associated with traditional ion-exchange materials 
have been introduced recently. Using small (1-3 jxm) nonporous particles, Unger et 
al. (1986) have accomplished very rapid separations but at a reduced capacity. 
Attempts have also been undertaken to adopt microporous membranes as a matrix 
for ion-exchange chromatography in purification of proteins (Gerstner et al., 1992; 
Shinano et al., 1993; Manganaro and Goldberg, 1993). Recently, perfusion packing 
materials have been introduced for protein chromatography in both analytical 
(Afeyan et al., 1991) and preparative (Fulton et al., 1992; Lehman et al., 1993) 
modes. In this study, ion-exchange membranes were used for protein purification 
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and immobilization, and the perfusion packing was used to study the protein 
retention behavior. The properties of such media are discussed below. 
lon-Exchançe Membranes 
Because of the lack of matrix-dependent diffusional resistance during flow, 
microporous ion-exchange membranes result in fast separation cycle times. The 
membrane chromatography materials commercialized to date have been fabricated 
from polysulfone, cellulose derivatives, or unspecified proprietary polymers and are 
casted into different configurations. The hollow fiber and flat sheet membranes were 
used in this study for protein purification and immobilization, respectively. 
The hollow fiber ion-exchange membrane, HFIEM (Micro Isonet™, Kinetek 
System Inc., St. Louis, MO), consisted of three surface-modified hydrophilic 
polysulfone hollow fibers with uniform pores (0.2 ^im) housed in a polycarbonate 
shell. Figure 4 is the cross section and the flow pattern of HFIEM cartridge. Flow 
enters through the luer fitting into the tube and passes across the fiber walls in a 
shell-to-tube radial direction into the lumens before exiting at the distal end. The ion-
exchange groups, diethylaminoethyl (DEAE), are located on the surface of the pores 
of the hollow fiber walls. 
The flat sheet membrane (ActiDisk®, FMC Corp., Pine Brook, NJ) consisted 
of a silica microporous plastic sheet (MPS®) hermetically sealed inside a leakproof 
polypropylene housing. The ion-exchange groups, quaternary amine (QUAT), are 
covalently bonded to the silica particles embedded in the membrane (Figure 5). 
For both membrane configurations, as solute enters the membrane pores, the 
only transport resistance is the convective mass transfer to the wall where it binds at 
the ion-exchange sites. For Instance, the ratio of the residence time to the time 
Figure 4: Cross-sectional view of the flow pattern in HFIEM (Kinetek System 
Inc.) 
15 
MPS» 
lU uu uu uu uu 
L 
Modular 
No Diffusion 
—Active Side Outside 
Figure 5: Cross-sectional view of the flow pattern in flat sheet membrane (FMC 
Corp.) 
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required for the protein to diffuse radially from the bulk to the ion-exchange sites 
(1/Peclet number) for the HFIEM is 1060 (assuming 40% membrane porosity, and a 
solute diffusivity of 3 x 10*^ cm^/s). Because of the uniformity of the structure of the 
small pore size and the accessibility of the functionalized surface, adsorption and 
desorption of solutes are virtually flow rate and molecular size independent. IMER 
based on these membranes can also benefit from these unique characteristics as 
the reaction is not likely to be limited by the transport of substrates and/or products. 
Perfusion Chromatography Packing Materials 
The perfusion chromatography packing materials (POROS®, PerSeptive 
Biosystems, Cambridge, MA) are synthesized from a tightly crosslinked PSDVB and 
are unique in that they have a bimodal pore size distribution. Figure 6 shows a cross 
section of a perfusion particle. The through-pores (6000-8000 A) form a network 
transecting the particle. This allows the solute to be carried into the particle by 
convection with the mobile phase. 
The diameter of the smaller pores ranges from 800-1500 A and connects to 
the through-pore network over distances seldom greater than 1 jim. Although mass 
transfer in the smaller pores is likely to occur by diffusion, the relatively short path 
ensures rapid transport. Consequently, the perfusion mechanism of intraparticle 
solute transport provides a very high speed separation of proteins. The small size 
(10-20 |xm) and porosity (large surface area) maintain resolution at capacity (Afeyan 
et al., 1991). 
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Throughpore 
Diffusive Pore 
T T T 
Figure 6: Cross-sectional view of a perfusion particle (PerSeptive Biosystems) 
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Characteristics of IËC of Protein 
In principle, the unique electrostatic interactions of each protein with the 
stationary phase forms the basis for separation. However, the amphoteric nature and 
three-dimensional structure of the proteins make their interaction with the ion-
exchange surface very complex (Geng and Regnier, 1985; Gooding and Schmuck, 
1984; Kopaciewicz et al., 1983; Regnier, 1987). The ion-exchanger (Drager and 
Regnier, 1987; Wu and Walters, 1992) and the mobile phase (Kopaciewicz and 
Regnier, 1983; Kopaciewicz et al., 1985; Rounds and Regnier, 1984) can also affect 
the protein retention and subsequent elution. 
Ion-Exchanger Contributions 
Different types of ion-exchangers having the same net charge can interact 
very differently with the same protein. Both the functional groups and the support 
matrix play key roles. 
Four basic types of ion-exchangers are available: weak and strong anion-
exchangers, and weak and strong cation-exchangers. Unfortunately, the terms 
"strong" and "weak" are often misunderstood in reference to I EC. They are not 
intended, as the name would imply, to suggest the strength with which a solute is 
retained on the ion-exchanger. Instead, these terms are used to describe the 
dissociation behavior of the stationary phase. Functional groups on strong ion-
exchangers are completely ionized across the entire operational pH range, whereas 
those on weak ion-exchangers dissociate over this range. Some common functional 
groups used in lEC and their operating pH range are shown in Table 1. 
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Table 1 : Some common functional groups used in ion-exchange 
chromatography (Regnier and Chicz, 1990) 
Type of 
Exchanger 
Type of Functional 
Groups 
Functional 
Structure 
Operating pH 
Range 
strong anion quaternary amine -N+RR'R" 1-11 
weak anion primary amine -NH2 1-8 
secondary amine -NRH 1-7 
tertiary amine -NR'R" 1-6 
strong cation sulfonic acid -S03- 1-14 
weak cation carboxylic acid -COO- 6-14 
In general, the retention of a protein increases in proportion to the charge 
density of the ion-exchanger. The charge density or ion-exchange capacity may be 
varied in either of two ways. For a weak ion exchanger, the charge density varies 
with mobile phase pH and this facilitates protein elution. The negative aspect, and 
perhaps the most important one, is the difficulty in optimizing a process in which the 
charge density is not constant. 
Charge density may also be varied synthetically by manipulating the distance 
between the functional groups. The distance can be as close as 2 A for high-charge-
density ion-exchangers, or as spread out as 10 -15 A for low-charge-density ion-
exchangers (Regnier and Chicz, 1990). Some advantages of high-charge-density 
ion-exchanger are high loading capacity, strong adsorption, and, in many cases, 
superior resolution. Kopaciewicz et al. (1985) reported an increase in the resolution 
of ovalbumin and soybean trypsin inhibitor with increasing charge density. Wu and 
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Walters (1992) found that the order of elution of lysozyme and cytochrome c was 
reversed as the charge density changed. The negative characteristics are low 
protein recovery and severe fouling (Kopaciewicz et a!., 1985). 
Ideally, the matrix supporting the stationary phase should be inert, i.e., it 
should not Interact with the protein being separated. However, this Is seldom the 
case in practice. The contribution associated with the matrix can either cause the 
ion-exchanger to act as a mixed-mode exchanger or moderate the properties of the 
stationary phase. For Instance, the small number of hydrophobic residues on the 
protein surface may be sufficient to increase retention via hydrophobic Interaction 
with the hydrocarbon-based support matrix (especially at high salt concentration). 
Such hydrophobic interaction can have both positive and negative effects; it can 
change selectivity and increase resolution, but often results in lower protein recovery 
(Regnier and Chicz, 1990). 
Solute Contributions 
One perplexing feature of ion-exchange chromatography of proteins is that 
two protein molecules of identical net charge can Interact very differently with the 
same ion-exchanger. Proteins are polyvalent amphoteric species capable of 
exhibiting net positive, neutral, or net negative charge, depending on its pi and the 
surrounding pH. One would expect that if net charge is the only determining factor in 
protein retention, no protein near or at its isoelectric point would be retained on 
either type of ion-exchanger and separation should be carried out either above or 
below its isoelectric point ( pi) on either an anion- or a cation-exchanger, respectively 
(Figure 7). 
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Figure 7: The hypothetical relationship between protein net charge and 
chromatographic retention time (patterned after Kopaciewicz et al., 
1983) 
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Many studies have reported that most proteins do not follow the net charge 
hypothesis described above. For instance, separation of neutral proteins on an ion-
exchanger resin was first reported by Bordman and Partridge (1955). Brautigan et al. 
(1978) have successfully separated isomers of cytochrome c having the same net 
charge. Figure 8 shows the retention maps obtained for some of the proteins 
examined by Kopaciewicz et al. (1983). The authors found that only three out of the 
fourteen proteins studied show zero retention near their pi on both types of ion-
exchangers. 
Asymmetric distribution of amino acids is fundamental to organizing molecular 
structure and intermolecular interaction of protein molecules. Intramolecular charge 
asymmetry promotes electropotential differences at various regions on the external 
surface of the protein. As a result, a protein at its pi may contain charged patches 
which promote retention. These regions of localized charge are postulated to orient 
or "steer" the protein into a position favorable for interaction with the oppositely 
charged ion-exchanger surface (Kopaciewicz et al., 1983). The charged patches 
responsible for retention are sometimes referred to as the chromatographic contact 
regions or footprints of retention (Regnler 1987). 
Chicz and Regnier (1989) have investigated the contributions of single amino 
acids to protein retention. They found that even small changes in the primary 
structure (which did not alter the global protein shape) have an observable effect on 
the chromatographic behavior. 
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Figure 8: Retention maps for six proteins whicli were retained on at least one of 
the strong ion-exchange columns at their respective pi values. Proteins 
and their respective pi values are as follows: BSA, 5.07; OVA, 4.7; 
CON, 6.3; b-GLU, 7.3; CHY, 9.2; and RIB, 8.7 (Kopaciewicz et al., 
1983) 
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Mobile Phase Contributions 
In general, solute displacement from an ion-exchange column is achieved by 
altering mobile phase properties such as ionic strength. The retention and resolution 
of proteins is affected not only by the ionic strength but also by the type of ionic 
species present in the system. Kopaciewicz and Regnier (1983) suggested that both 
poor resolution and low recovery can be improved by changing the type of displacing 
salt. Several studies devoted to studying the effects of different displacing ions on 
protein retention are available (Gooding and Schmuck, 1984; Kopaciewicz and 
Regnier, 1983; Kopaciewicz et al., 1983; Rounds and Regnier, 1984). Unfortunately, 
due to the heterogeneity of protein (both structure and ionic content), the relation 
between selectivity and mobile phase remains empirical. 
Enzyme Immobilization And Kinetics 
An immobilized enzyme may be defined as one whose free movement has 
been restricted either completely or to a small limited region. In such a form, 
continuous processing, enzyme reuse, and elimination of contamination of product 
with enzyme are facilitated. 
Immobilization 
Many techniques for immobilizing enzymes based on either entrapment or 
binding have been reported (Figure 9). 
Enzyme adsorption onto an insoluble support is the simplest method of 
immobilization and is used in this study. The procedure consists of contacting 
enzyme and support under binding conditions. The major disadvantage of this 
method is that enzyme is not firmly bound to the support. Consequently, the 
immobilized enzyme may be lost by desorption particularly when experimental 
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Figure 9: Classification of immobilized enzyme systems (Wang et al., 1979) 
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conditions such as pH, ionic strengtli, temperature, and type of solvent are changed. 
Although adsorption is a "mild" method of immobilization and enzyme inactivation is 
usually minimal, catalytic activity of the immobilized enzyme may be lost in either of 
the two ways: 
1. Unavailable active sites — the active sites may participate in adsorption. 
2. Steric hindrance — the enzyme may be immobilized In a configuration that 
prevents substrate access to the active sites. 
Immobilized B-Gaiactosidase 
The biological function of p-galactosidase is to hydrolyze lactose to glucose 
and galactose. Lactose is a rather insoluble, not very sweet sugar found only in 
mammalian milk and is the principal component of cheese whey. Immobilized p-
galactosidase is of interest to the food industry for two reasons. It provides 
hydrolyzed milk to meet the needs of the large percentage of the world population 
afflicted with lactose intolerance. It converts cheese whey to sugars which can be 
used in confectioneries, soft drinks, ice-cream, animal feed, dairy desserts and as 
carbon sources for fermentation to alcohol (Gekas and Lôpez-Leiva, 1985). 
Many researchers have studied the enzymatic hydrolysis of lactose and 
several review articles are available (Greenberg and Mahoney, 1981; Sprôssier and 
Plainer, 1983; Gekas and Lépez-Leiva, 1985). Immobilized enzymes offer several 
advantages over soluble forms and are preferred for lactose hydrolysis. Recently, 
Axelsson and Zacchi (1990) reported that, despite the high cost for enzyme 
attachment, immobilized p-galactosidase systems remain economically feasible 
compared with free enzyme systems. Several microbial sources of p-galactosidase, 
including bacteria (Bôdalo et al., 1991; Mustard et al., 1973a and 1973b; Kaul et al., 
1984; Ostergaard and Martiny, 1973; Paine and Carbonell, 1975; Wondolowski and 
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Woychik, 1974), fungi (Hyrkâs et al., 1976; Okos and Harper, 1974; Okos et al., 
1978; Roodpeyma et al., 1983; Wierzbicki and Edwards, 1974) and yeast (Dahiquist 
et al., 1973; Pastore et al., 1974; Wierzbicki and Edwards, 1974), have been 
immobilized on a number of support materials by a variety of techniques. Greenberg 
and Mahoney (1981) and Gekas and Ldpez-Leiva (1985) have reviewed the use of 
various supports for p-galactosidase immobilization via chemical or physical 
bonding. 
Enzyme Kinetics 
The enzymatic hydrolysis of lactose (substrate (S)) to a glucose (product (P)) 
and galactose (product inhibitor (I)) by an enzyme E may be represented by: 
The kinetic model widely used to describe the reaction is the Michaelis-Menten 
equation with product (galactose) inhibition (Axelsson and Zacchi, 1990; van 
Griethuysen-Dilber et al., 1988; lllanes et al., 1990; Okos et al., 1978; Roodpeyma et 
al., 1983; Wondolowski and Woychik, 1974): 
E + S<=»ES->.E + P+I 
+ 
(3) 
0 
El 
V= MÊl (4) 
where V is the hydrolysis rate; is the maximum rate; [S] and [I] are substrate and 
inhibitor concentrations, respectively; and and K| are Michaelis-Menten and 
inhibition constants, respectively. 
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PAPER I: CHARGED FUSIONS FOR SELECTIVE RECOVERY OF 
P-GALACTOSIDASE FROM CELL EXTRACT USING HOLLOW FIBER 
ION-EXCHANGE MEMBRANE ADSORPTION 
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SUMMARY 
We explored the use of charged fusions for selective recovery of p-
galactosidase from cell extract using a low-cost, easily scaled, fast, charge-based 
separation technique — ion exchange on hollow fiber ion-exchange membranes 
(HFIEMs). The additional charges carried by a series of anionic fusion tails allowed 
selective binding and release of p-galactosidase from Escherichia coli cell extract 
using the HFIEM cartridge. The purification factors increased with fusion length. 
The p-galactosidase was recovered In active form. For the longest fusion studied, 
more than six-fold enrichment in specific activity was attained. The specific activity 
of the recovered fraction is comparable to that of commercial wild type p-
galactosidase and affinity-purified fusion protein. 
Keywords: purification fusion; ion-exchange; membrane; p-galactosidase; 
separation; protein. 
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INTRODUCTION 
Advances in genetic engineering teciiniques have made it possible to 
produce proteins of interest in sufficient quantities. However, the downstream 
processing technology for separating and purifying proteins has not kept pace with 
these advances. The high cost associated with achieving high product purity 
hinders applications in medicine, agriculture, and industry. 
With the importance of downstream processing being recognized in the 
practical application of biotechnology, novel ideas have evolved around genetic 
engineering techniques to generate products in a form that facilitates their 
recovery. Purification fusions have proven to be a powerful approach for simplifying 
challenging separation tasks. The design and construction of purification fusions 
involves combining DNA specifying the target protein with DNA coding for all or 
specific elements of a second protein, in order to endow the product with specific 
properties that facilitate purification. Purification fusions have been implemented 
with impressive improvement in purification by immunoaffinity (1, 6, 8,12,13,14, 20), 
substrate affinity (5,21, 22), metal chelation (7), and cation exchange 
chromatography (3,17). The major drawbacks associated with these methods are 
high cost and difficulty in large scale application. 
Ideally, protein purification techniques should be simple, easily scalable, 
low-cost, and, of course, should not inactivate the protein. Previous research (15) in 
our laboratory has taken advantage of negatively-charged purification fusions to 
enhance selectivity of recovery via precipitation with the cationic polyelectrolyte, 
polyethyieneimine, a method which demonstrates these desired attributes. 
Enrichment exceeding five-fold was obtained when the fusions were precipitated 
from cell extracts which had been pretreated by nuclease digestion and diafiltration 
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to remove nucleic acids. However, the tails were much less effective without 
nucleic acid removal. The tails were a series of polyaspartate fusions adding 1, 5, 
11, and 16 negative charges to p-galactosidase; their design and effects on activity 
have been described previously (15,23). Only the 16-tail showed any decrease in 
enzymatic activity (turnover). 
For this work, we are interested in testing the applicability of the same 
purification fusions for selectivity enhancement using a different charge-based 
separation method, namely hollow fiber ion-exchange membrane (HFIEM) 
adsorption. HFIEM adsorption (or similar materials available in flat sheet 
configurations) may offer similar advantages in simplicity of operation and scaleup 
and low cycle time (4). In terms of flow and rejection properties, the membranes are 
in the microfiltration class. In operation clarified cell extract is passed completely 
through the fiber, with suitably charged components binding to the fixed charges on 
the surface of the membrane pores. 
Specifically, we studied the use of such fibers for recovery of (3-
galactosidase from cell extracts focusing on the enhancement in selective binding 
and release of p-galactosidase provided by a series of anionic fusion tails. Since 
active p-gaiactosidase is a tetramer, each fusion contains four tails. 
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MATERIALS AND METHODS 
Fermentation 
The Escherichia co//strain Y1089-1 with plasm id pUR290, coding for the 
constitutive expression of p-galactosldase was used to produce a series of 
carboxyl-terminal fusion tails of the form: Gly-Asp-Pro-Met-Ala-(Asp)n-Tyr with n=0 
as control (BGCD1), n=4 (BGCD5), and n=10 (BGCD11). The last two fusions were 
designated T1 and T2, respectively, in the original paper (23). 
Cells were grown in Luria-Bertani (LB) medium containing 35 mg/L 
ampicillin (sodium salt) and 2% v/v glycerol (11). The main culture (1 L) was 
inoculated with 5 mL of overnight culture grown in the same medium from a blue 
colony picked from an LB agar indicator plate (containing ampicillin and 5-bromo-
4-chloro-3-indolyl-p-D-galactoside). The fermentation was carried out in a 2-L 
Erienmeyer flask at 37°C and 100 rpm (Environ-Shaker 3597, Lab-Line 
Instruments, Inc., Melrose Park, IL). The cells were harvested by centrifugation (4°C 
and 1.5 x 10^ g for 10 minutes) after 8 to 9 hours of fermentation (O.D. @ 600 nm 
ranging from 1.6 to 2). The collected cells were washed with 1 L of 50 mM Tris-HCI 
buffer (pH 7.2) containing 10 mM MgCl2.6H20,100 mM NaCI and 1 mM 2-
mercaptoethanol followed by centrifugation as before. The cell pellets were stored 
at -70°C until use. All chemicals were purchased from Sigma Chemical Company, 
St. Louis, MO. 
Cell Extract and Enzyme Preparations 
The cell pellets were thawed on ice, resuspended in 20 mL of Tris-HCI buffer 
and sonicated (Heat Systems W185 Sonifier, Ultrasonic Inc., Plainview, NY) to 
release the cell contents. Sonication was performed in an ice/salt bath six times for 
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30 s each with 30 s intermediate cooiing. Centrifugation (4°C and 2.3 x 10^ g for 30 
minutes) removed the cell debris. The supernatants were filtered (0.2 ^m cellulose 
acetate filter; Cole Parmer Instrument Co., Chicago, IL) to remove fines. The 
specific activity (enzyme activity per mass total protein) of each extract was 
adjusted to ca. 70 U/mg by dilution with the extract of the Y1089-1 host without 
plasmld. The adjustment ensured that each extract had the same percentage of 
target protein (approximately 15 %) for comparison of the performance of the 
HFIEM treatment. 
To obtain purified p-galactosidase fusions, the above centrifuged 
supernatants were first precipitated using ammonium sulfate (50% saturation). After 
centrifugation (5 x 103 g for 10 minutes), the precipitates were redissolved in 20 mL 
of Tris-HCI buffer and dialyzed against the same buffer (4 L). The pre-purified crude 
extracts were then affinity-purified on />aminophenyl-p-D-thiogalactopyranoside-
agarose (Sigma) by the method of Steers and Cuatrecasas (18). 
Hollow Fiber Ion-Exchange Operation 
Cell extracts were passed through a hollow fiber diethylaminoethyl (DEAE) 
anion exchange cartridge (Micro Isonet^M-i loOD; Kinetek System Inc., St Louis, 
MO). The cartridge consists of three surface-modified, microporous, polysulfone 
hollow fibers (length, 6 cm; OD, 1.1 mm; wall thickness, 0.125 mm; average pore 
size, 0.2 |j.m) housed in a polycarbonate shell (shell volume, 0.3 ml; dead volume, 
0.1 ml; active bed volume, 0.1 ml). Flow (up to 20 ml/min) enters the shell and 
passes radially across the fiber wall, where the functional groups are attached, into 
the lumen of the fibers. Manufacturer-specified nominal protein binding capacity at 
10 mM ionic strength is up to 2 mg. 
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Before receiving extract, the cartridge was equilibrated with 3 mL of 0.2 |xm 
prefiltered potassium phosphate buffer (ionic strength 0.1 M or 0.2 M and pH 5.7) 
containing 5 mM MgCl2.6H20 and 100 mM 2-mercaptoethanol (equilibration 
buffer) introduced using a 5-mL syringe. Cell extract was circulated through the 
equilibrated cartridge at 10 ml/min using a peristaltic pump (Cole Parmer 
Instrument Co., Chicago, IL), followed by washing with 5 mL of equilibration buffer. 
Bound protein was eluted using a 5-mL syringe by either single step (1 M NaCI) or 
stepped increments of NaCI (0.1 M step size) in equilibration buffer (2 mL of eluant 
at each step). Samples from each step were analyzed immediately for p-
galactosidase activity and protein content. The cartridge was regenerated with 5 
mL of 1 M NaCI in equilibration buffer and 5 mL of 0.5 M NaOH followed by 10 mL 
of equilibration buffer, then stored wet at 4°C. Cartridges were used up to five times 
and replaced if flow rates declined. 
Protein and Activity Assays and Nucleic Acid Content 
Protein content was determined using the Bradford (2) dye-binding assay 
with Coomassie Brilliant Blue G-250 dye (Bio-Rad, Richmond, CA) and bovine 
serum albumin as the standard. The enzymatic activity of (3-galactosidase was 
determined by the rate of hydrolysis of o-nitrophenyl-p-D-galactoside (Sigma 
Chemical Company, St. Louis, MO) at 37°C. Nucleic acid content was determined 
from the ratio of absorbance 280 nm to absorbance 260 nm (16), assuming pure 
proteins have a ratio of 1.7 and pure nucleic acids a ratio of 0.5. 
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Electrophoresis 
SDS-polyacrylamide gel electrophoresis (PAGE) was performed on the load 
solution, effluent, and step gradient eluted fractions for each fusion. Samples were 
dialyzed overnight in deionized water before loading. The 7.5 % resolving gels 
were cast according to Laemmli (10). The gels were stained overnight with 0.1 % 
Coomassie blue R250 in water/methanol/acetic acid solution (5:5:1 by volume) and 
destained with 30% methanol and 10% acetic acid solution. 
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RESULTS AND DISCUSSION 
Ion-exchange can be viewed as a bind-and-release process in which 
selectivity can occur in either step. We have examined the selectivity enhancement 
provided by the fusion in both of these steps by varying the loading and elution 
conditions. 
Selective Binding 
The binding characteristics of the three fusions (BGCD1, BGCD5, and 
BGCD11) were investigated by loading each cell extract at ionic strength of 0.1 M 
or 0.2 M and pH 5.7 (the isoelectric point of the wild-type p-galactosidase was 
estimated to be 5.5, based on the known amino acid composition (9), typical pKa 
values of amino acids in proteins (19), and the Henderson-Hasselbach equation), 
and eluting with the same buffer containing 1 M NaCI in a single step. Operation at 
lower pH is limited by the stability of the enzyme; operation at higher pH is 
unnecessary because p-galactosidase is sufficiently negatively charged at 5.7. 
Figure 1 is a plot of specific activity of each fusion before and after passing through 
the HFIEM cartridge. In order to quantitatively characterize the binding process, the 
purification factor (a), calculated as a ratio of specific activity after and before 
HFIEM, is also plotted in Figure 1. All the HFIEM treated samples except for BGCD1 
at 0.2 M show enrichment in p-galactosidase activity, i.e., increased specific 
activity. Hence, the fusions with additional charges bind more strongly than the 
control and the bulk of the E coli proteins. 
The a value increased with increasing number of charged tail residues, 
implying enhanced selectivity during the loading process. Although lower binding 
is expected at higher ionic strength, the a obtained for BGCD11 at 0.2 M is 
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Figure 1; Binding characteristics of BGCD1, BGCD5, and BGCD11 applied as 
crude cell extracts (Feed). Loading conditions were 0.1 M or 0.2 iVI 
ionic strength and pH 5.7; bound components were eluted using the 
same buffer with 1 M NaCI added (HFIEM treated) 
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comparable to that of 0.1 M. Additional charges carried by BGCD11 enabled it to 
successfully compete with other components for DEAE groups. On the other hand, 
the shortest fusion BGCD1 was not able to do so and a < 1. The slight enrichment 
in the non-binding effluent, a=1.2, confirmed this observation. The BGCD5 with 
intermediate charges has a lower a at 0.2 M but still showed two-fold enrichment in 
P-galactosidase activity. 
Selectivity Enhancement By Step Gradient Elutlon 
Figures 2a, 2b and 2c are the step gradient elutlon profiles obtained with 
BGCD1, BGCD5, and BGCD11, respectively. Figure 3 shows the corresponding 
a s for each fusion, as well as that for the same experiment with loading at 0.2 M 
NaCI. The variations of specific activity In the eluted fractions (for each fusion) 
indicate the presence of different percentage of p-galactosidase and reflect the 
physicochemical property differences among the various protein components in the 
cell extract. The maximum protein concentrations are eluted at 0.2 M for all three 
extracts but the activity peaks varied, resulting in differences among the specific 
activity versus ionic strength curves for the fusions. These variations show that 
each fusion has different binding characteristic (assuming all the protein 
components except the target fusion protein behave similarly in each cell extract). 
The ionic strength (Imax) required for eluting the fraction with the maximum 
specific activity can be used as an indication of the strength of the binding between 
the fusion and the DEAE groups. Imax increases with the fusion length. The Imax 
results are consistent with similar HFIEM analysis using affinity purified fusions 
(Figure 4). The slight variation in Imax can be attributed to the different elution step 
size used. Figure 4 also shows the elution profile of commercial wild type 
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Figure 2: Activity and protein profiles of bound crude cell extract components 
eluted using step NaCI gradient. Specific activity is calculated as ratio 
of p-galactosidase activity (U) to protein content (mg). Loading 
conditions were 0.1 M ionic strength and pH 5.7; bound components 
were eluted using the same buffer with step NaCI gradient: (a) 
BGCD1 
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Figure 3: Purification factor profiles of step gradient eluted fractions for BGCD1, 
BGCDS, and BGCD11 loaded at 0.1 M or 0.2 M and pH 5.7; error bar 
represents one standard deviation. BGCD1 did not bind wlien loaded 
at 0.2 M NaCI 
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Figure 4: Step gradient eiution profiles of commercial wild type p-galactosidase 
and affinity-purified BGCD1, BGCD5, and BGCD11. Loading 
conditions were 0.1 IVI ionic strength and pH 5.7; bound enzymes 
were eluted using the same buffer with step NaCI gradient 
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p-galactosidase with Imax of 0.15 M indicating that the fusions have stronger 
binding. Based on typical pK values for amino acid in proteins (19) and the amino 
acid composition of p-galactosidase (9), the net charges at pH=5.7 were estimated 
to be -18.4, -22.48, -37.72 and -60.57 for wild type p-galactosidase, BGCD1, 
BGCD5 and BGCD11, respectively. In addition to net charge, the high linear 
charge density of the fusion tails promotes strong binding. These results are also 
consistent with earlier characterization (23), and precipitation of the same series of 
fusions (15, 23). 
Table 1 summarizes the performance of the HFIEM adsorption for selective 
recovery of p-galactosidase fusions. Using the described loading conditions, 
approximately 30% of the feed activity of each fusion was captured. Almost all the 
captured activity was recovered using the step gradient elution scheme and 
approximately half of the recovered activity appeared in the corresponding highest 
purity, Imax fraction of each fusion. 
The 30% capture on loading was not impressive. While no attempt was 
made to optimize loading conditions, we did make some preliminary assessments 
of this shortcoming. Total protein loaded was below the nominal capacity, though 
capacity will be reduced from nominal because ionic strength is higher than for the 
capacity specifications and nucleic acids are occupying some sites. An indication 
of problems with either binding kinetics or flow distributions is that the breakthrough 
curve showed a gradual rise in outlet concentration, rather than a sharp increase. 
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Table 1: Performance of HFIEM adsorption for purifying p-galactosidase 
fusions. Loading conditions were 0.1 M ionic strength and pH 5.7 and 
bound components were eluted using step NaCI gradient in the same 
buffer. Numbers in brackets are standard errors based on 3 replicates 
BGCD1 BGCD5 BGCD11 
feed protein 1.48 (0.0565) 1.35 (0.108) 1.37 (0.0698) 
(mg) 
feed activity 101.6 (4.4) 94.8 (10.4) 112.7 (12) 
(U) 
feed specific 68.69 (4.74) 70.59 (7.85) 82.00 (7.20) 
activity 
(U/mg) 
% feed activity 23.3 (8.1) 34.0 (6.6) 36.3 (7.6) 
captured 
% captured 95.4 (16) 81.4(16.9) 97.2 (8.6) 
activity recovered 
% feed activity in 21.3 (4.5) 27.1 (3.7) 34.9 (4.4) 
eluate 
% eluted as Imax 63.0 (11.7) 41.3 (7.6) 52.1 (8,0) 
fraction 
•max fraction 251.58 (50.47) 387.81 (80.04) 530.75 (26.29) 
specific activity 
(U/mg) 
The Imax fractions have significantly higher a values than the corresponding 
single step eiuted fractions as competing proteins are eluted at the lower ionic 
strength steps. The maximum specific activity obtained for BGCD11 fractions (530 
U/mg and 478.4 U/mg for 0.1 M and 0.2 M equilibration buffers, respectively) is 
comparable to that of commercially prepared wild type p-galactosidase (Sigma) 
and affinity-purified fusions, 585 U/mg (s.d.=15.1). Although HFIEM adsorption and 
polyelectrolyte precipitation are similar techniques utilizing charge as basis of 
separation, the mechanism of each may vary. The nucleic acid interference 
reported earlier in the precipitation study (15) does not affect HFIEM adsorption. 
The Imax fractions of all three fusions contain less nucleic acid (5%) than the 
corresponding cell extract (>20%) and the profiles obtained with crude extracts and 
the nucleic acid free, affinity-purified preparations were very similar (Figures 3 and 
4 and Table 2). The % nucleic acid is calculated as weight percentage of nucleic 
acid plus protein as inferred from the ratio of optical densities at 260 and 280 nm. 
The 1.0 M fractions for all three fusions contained 70- 100 % nucleic acid. Nucleic 
acid clearances were not obtained. 
The required salt concentrations (Table 2) to elute from the HFIEM are 
similar to that reported for stepwise elution of the same fusion proteins from a more 
traditional ion exchange column (23), packed with OEAE Sepharose 66 
(Pharmacia), and equilibrated under similar conditions. Elution at lower ionic 
strengths can be expected in HFIEM because the large pore size leads to lower 
concentration of immobilized charged groups and, hence, less Donnan exclusion 
of the mobile ions. 
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Table 2: Added NaCI concentration for the step elution peak for wild type and 
fusion p-galactosidases using HFIEM adsorption (crude and purified 
feeds; pH 5.7, 0.089 M phosphate buffer) and a DEAE Sepharose-6B 
ion-exchange column (purified feed only; pH 6.0, 0.1 M phosphate 
buffer) 
Affinity Purified Crude Extract 
HFIEM Ion Exchange 
Column (23) 
HFIEM 
Wild Type 0.05 M 0.15-0.2 M . 
BGCD1 0.1 M 0.1 M 
BGCD5 0.1 M 0.225-0.3 M 0.2 M 
BGCD11 0.2 M 0.35-0.4 M 0.3 M 
SDS-PAGE Analysis of HFIEM Treated Cell Extracts 
The SDS-PAGE gel electrophoresis (see Figure 5) confirmed that each 
fusion was selectively eluted at Imax- It is evident from a comparison of the Imax 
fractions that selectivity increased with fusion tail length and significantly pure 
BGCD11 fraction was obtained. The clear 0.1 M fraction lanes on the gels indicate 
that all the retained components are tightly bound to the HFIEM. 
Figure 5: SDS-PAGE of crude cell extract components bound to HFIEM and 
eluted using step gradient for BGCD1 (top), BGCD5 (middle), and 
BGCD11 (bottom). Lanes 1 and 10 are molecular weight markers and 
EG denotes p-galactosidase. Lanes 2 and 3 are crude cell extracts 
before and after passing through HFIEIVI, respectively. Lanes 4 to 8 are 
for 0.1 M to 0.5 M NaCI step gradient eluted fractions, respectively. 
Lane 9 is affinity-purified enzyme 
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CONCLUSIONS 
In this work it was demonstrated that protein fusions can be used to enhance 
separation in HFIEM. The selectivity enhancement increased with increasing fusion 
length: BGCD11 > BGCD5 > BGCD1. The p-galactosidase fusions recovered are in 
active form. Simple on/off adsorption resulted in more than three-fold enrichment of 
BGCD11 from cell extracts. Enrichment exceeded six-fold using step gradient 
elution. The BGCD11 fractions eluted at Imax have specific activity comparable to 
that of commercial wild type p-galactosidase. 
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ABSTRACT 
The potential end use advantages of a series of p-galactosidase charged 
purification fusions for immobilization onto ion-exchange membranes were studied. 
The additional charged peptides fused to p-galactosidase do not interfere with the 
kinetic behavior for lactose hydrolysis. The wild type p-galactosidase and the fusions 
all retained approximately 50% of their activities when adsorbed onto the ion-
exchange membranes. The enhanced binding which the 11 aspartate fusion 
provided offered the following end use advantages over the wild type 
p-galactosidase: (1) ability to hydrolyze whey permeate at 0.3 M ionic strength 
without enzyme leakage, and (2) the ability to immobilize the enzyme directly from 
cell extract with 83 % purity. 
Keywords: p-galactosidase; immobilization; charged fusions; whey hydrolysis; 
ion-exchange; membrane. 
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LIST OF SYMBOLS AND ABBREVIATIONS 
K| inhibition constant 
Km l\/lichaelis-Menten constant 
V hydrolysis rate 
Vm maximum rate 
[1] inhibitor concentration 
[S] substrate concentration 
BGCD p-galactosidase with carboxyl aspartate fusion peptide 
BGWT wild-type p-galactosidase 
IMER immobilized enzyme reactor 
MWCO molecular weight cut-off 
ONPG o-nitrophenyl-p-D-galactoside 
PAGE polyacrylamide gel electrophoresis 
s.d. standard deviation 
SDS sodium dodecyl sulphate 
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INTRODUCTION 
Whey is the principal byproduct of cheese manufacturing and its 
disposal/utilization has increasingly plagued the dairy industry. Recent development 
of ultrafiltration techniques for whey protein recovery has reduced the problem to 
one of lactose utilization. However, direct utilization of lactose is limited by its low 
sweetness and low solubility. One method for circumventing these limitations is to 
enzymatically hydrolyze the lactose into a sweet syrup consisting of glucose and 
galactose. 
Many researchers have studied the enzymatic hydrolysis of lactose and 
several review articles are available (Greenberg and Mahoney, 1981; Sprossler and 
Plainer, 1983; Gekas and Lôpez-Leiva, 1985). Immobilized enzymes offer several 
advantages over soluble forms and are preferred for lactose hydrolysis. Recently, 
Axelsson and Zacch.i (1990) reported that, despite the high cost for enzyme 
attachment, immobilized p-galactosidase systems remain economically feasible 
compared with free enzyme systems. Several microbial sources of p-galactosidase, 
including bacteria (Bôdalo et al., 1991; Mustard et al., 1973a and 1973b; Kaul et al., 
1984; 0stergaard and Martiny, 1973; Paine and Carbonell, 1975; Wondolowski and 
Woychik, 1974), fungi (Hyrkâs et al., 1976; Okos and Harper, 1974; Okos et al., 
1978; Roodpeyma et al., 1983; Wierzbicki and Edwards, 1974) and yeast (Dahiquist 
et al., 1973; Pastore et al., 1974; Wierzbicki and Edwards, 1974), have been 
immobilized on a number of support materials by a variety of techniques. Greenberg 
and Mahoney (1981) and Gekas and Lôpez-Leiva (1985) have reviewed the use of 
various supports for p-galactosidase immobilization via chemical or physical 
bonding. 
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Each of these technique has its own advantages and disadvantages. 
Chemical bonding, whether by cross-linl<lng, co-polymerization or covalent linkage, 
is by far the most investigated method. The chemical bonds give very stable enzyme 
preparation without enzyme leakage. Nonetheless the method is complicated and it 
needs chemicals that may not be suitable for food application. It is also the most 
expensive method (Axelsson and Zacchi, 1990; Gekas and Lôpez-Leiva, 1985). 
Physical bonding can be achieved by adsorption or entrapment in gels, fibers, 
microcapsules or membranes. Adsorption is the simplest method and generally the 
least expensive with minimal chemical requirements and less likely denaturation. 
However, the weak nature of the binding forces can allow desorption and leakage of 
the enzyme with changes in pH, ionic strength, and/or temperature. In fact, a 
combination of adsorption and cross-linking has been used more frequently than 
each one method separately and is the widely reported method for dairy applications 
(Gekas and Lôpez-Leiva, 1985; Hyrkâs et al., 1976; Kaul et ai., 1984; Nakanishi et 
al., 1983). 
Depending on its source, cheese whey contains variable amount of minerals 
and its direct use with ion-exchange adsorption immobilized p-galactosidase has not 
been reported elsewhere. The present study reports an alternative approach using 
genetically engineered charged fusions to enhance p-galactosidase adsorption on 
ion-exchange membranes and form a stable immobilized enzyme reactor (IMER) for 
hydrolyzing cheese whey permeate. Several studies using fusion proteins with 
affinity and chelating peptides to facilitate enzyme immobilization are available 
(Ljungquist et al., 1989; Ong et al., 1989; Piesecki et al., 1993). 
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We used a kinetic model widely used to describe the enzymatic hydrolysis of 
lactose, i.e. the Michaelis-Menten equation with product (galactose) inhibition 
(Axelsson and Zacchi, 1990; van Griethuysen-Dilber et al., 1988; lllanes et al., 1990; 
Okos et al., 1978; Roodpeyma et al., 1983; Wondolowski and Woychik, 1974): 
where V is the hydrolysis rate; is the maximum rate; [S] and [I] are substrate and 
inhibitor concentrations, respectively; and and K| are Michaelis-l\/lenten and 
inhibition constants, respectively. The model is usually fitted with initial rate data, 
neglecting the effects of high conversion. Peterson et al. (1989) have modified the 
Michaelis-Menten equation to include competitive inhibition by both the a and |3 
forms of galactose. Recently, a more complicated model requiring sixteen 
parameters to describe the formation of trisaccharides, the inhibitory effects of both 
the a and p anomers of galactose, and the corresponding mutarotation reaction was 
proposed by Bakken et al. (1992). 
Our previous work (Heng and Glatz, 1993) has taken advantage of 
negatively-charged purification fusion tails to enhance p-galactosidase recovery 
using microporous ion-exchange membranes. The tails were a series of 
polyaspartate fusions adding 1,5,11 and 16 negative charges to p-galactosidase 
designated as BGCD1, BGCD5, BGCD11 and BGCD16, respectively. We find that, 
in addition to net charge, the high linear charge density of the fusion tails promotes 
strong binding. The present study was undertaken to examine the potential end use 
advantages of the p-galactosidase fusion tails for immobilization on similar ion-
exchange membranes. The objectives of this work were (1) to compare the kinetic 
V= MÊ1 (1) 
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behavior, for both free and immobilized forms, of each fusion to the commercial wild-
type p-galactosidase (BGWT); (2) to investigate the performances of BGWT and 
BGCD11 IMERs for hydrolyzing acid whey permeate, and (3) to develop a BGCD11 
IMER directly from crude cell extract. 
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MATERIALS AND METHODS 
Enzyme Preparation and Immobilization 
All the BGCD fusions were grown in Escherichia coli and purified (Heng and 
Glatz, 1993) using ammonium sulphate precipitation followed by binding to 
p-aminophenyl-p-D-thiogalactopyranoside affinity matrix (Sigma Chemical Company, 
St. Louis, MO). After elution from the affinity matrix, the protein was dialyzed against 
affinity enzyme dialysis buffer (the compositions of all the buffers used are given in 
Table 1), freeze dried and stored desiccated at 4°C. Before use, the protein was 
redissolved inimmobilization buffer and filtered (0.2 ^m cut-off). 
BGWT and BGCD1, BGCD5, BGCD11 and BGCD16 were each immobilized 
on a microporous ion-exchange membrane (ActiDisk, FMC Corp., Pine Brook, NJ) 
with quaternary amine functionality. Five milliliters of each enzyme solution (ca. 3 
U/ml at room temperature) in immobilization buffer was introduced with a 5-mL 
syringe to a new preequilibrated membrane. The effluent was collected in another 5-
mL syringe connected to the membrane exit and recirculated through the membrane 
(five times). The loaded membrane was then washed with 10 ml of immobilization 
buffer. Samples of feed solution, final effluent, and wash buffer for each enzyme 
were analyzed for activity immediately. The resulting immobilized enzyme reactor 
was stored wet at 4°C. Under the IMER activity test and lactose hydrolysis 
conditions (described in the following sections), the hydrolysis rate remained 
unchanged with increased flow rate, indicating that mass transfer limitations are 
negligible. By way of confirmation the Damkohler number (the ratio of to the 
maximum mass transfer rate) was estimated to be 3.4 x 10'^  (assuming fully 
developed laminar flow and a substrate diffusivity of 1x10'® cm^/s). 
Table 1: 
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Compositions of all the buffers used 
Name Compositions 
Affinity enzyme dialysis buffer 
100 mM, pH 7.0 potassium phosphate; 
5 mM MgCl2.6H20: 
and 1 mM 2-mercaptoethanol 
50 mM, pH 7.2 TrIs-HCI; 
Affinity enzyme purification buffer 100 mM NaCI; 10 mM MgCl2.6H20; 
and 1 mM 2-mercaptoethanol 
100 mM, pH 5.7 potassium phosphate; 
Extract buffer 5 mM MgCl2.6H20; 
and 1 m M 2-mercaptoethanol 
25 mM, pH 7.0 potassium phosphate; 
Immobilization buffer 5 mM MgCl2.6H20; 
and 1 m M 2-mercaptoethanol 
100 mM, pH 7.3 sodium phosphate; 
Soluble enzyme activity buffer 1 mM MgCl2.6H20; 110 mM 2-
mercaptoethanol; and 2.27 mM ONPG added 
after enzyme activation 
20 mM, pH 7,3 sodium phosphate; 
IMER activity assay buffer 1 mM MgCl2.6H20; 110 mM 2-
mercaptoethanol; and ONPG added after 
enzyme activation 
Same as immobilization buffer except without 
Lactose hydrolysis buffer 2-mercaptoethanol 
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Cell Extract IMER Preparation 
The E CO//strains containing the plasm id coding for each fusion were grown 
and stored accoding to Heng and Glatz (1993). Before use, the cell pellets were 
thawed on ice, resuspended in 20 mL of affinity enzyme purification buffer and 
sonicated (Heat Systems W185 Sonifier, Ultrasonic Inc., Plalnview, NY) to release 
the cell contents. Sonication was performed in an ice/salt bath six times for 30 s 
each with 30 s intermediate cooling. Centrifugation (4°C and 2.3 x 10^ g for 30 
minutes) removed the cell debris. The supernatants were filtered (0.2 nm cellulose 
acetate filter; Cole Parmer Instrument Co., Chicago, IL) to remove fines. 
The supernatants (418 U/ml at21°C (room temperature)) were diluted using 
extract buffer to ca. 4 U/ml. This was the cell extract used. Five milliliters of BGCD11 
cell extract was loaded as above on a membrane preequilibrated with the extract 
buffer and washed with 20 mL of the same buffer. Bound protein was partially eluted 
with 3 mL extract buffer containing 0.35 M NaCI (see results and discussions for 
choice of salt concentration) followed by washing with 20 mL extract buffer. The 
resulting cell extract BGCD11 (MER was used for lactose hydrolysis experiments. 
Activity and protein assays were performed at each step to determine the specific 
activities of the effluent, wash and the 0.35 M NaCI eluate. In order to determine the 
purity of the cell extract IMER, the fraction remaining bound on the membrane after 
the 0.35 M NaCI elution (represents the content of the IMER) was eluted using 1.0 M 
NaCI in extract buffer (sufficient to elute most bound protein) and analyzed for 
activity and protein contents. 
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Whey Permeate Preparation 
Acid cheese whey was prepared from skim mille (Anderson & Erickson Dairy, 
Des Moines, lA) by acidification to pH 4.6 with 5 M HCI at 21 °C, followed by 30 min 
of agitation at 35°C. The curd was removed by centrifugation at 1,470 x g at 20°C for 
30 min. The resulting whey was then titrated to pH 7.0 with 1 M NaOH and 
ultrafiltered (1000 MWCO polysulfone hollow fiber membrane, Spectra/Por, 
Spectrum, OA). The whey permeate (approximately 100 mM ionic strength 
(Conductivity Meter, Hach, Loveland, CO)) was used for the hydrolysis experiment. 
In some cases NaCI was added as a concentrated stock (5 M) to raise the ionic 
strength. 
Protein, Activity and Giucose Assays 
Protein content was determined using the Bradford (1976) dye-binding assay 
with Coomassie Brilliant Blue G-250 dye (Bio-Rad, Richmond, CA) and with bovine 
serum albumin as the standard. 
The enzymatic activity of p-galactosidase was determined by the rate of 
hydrolysis of o-nitrophenyl-p-D-galactoside (ONPG) (Sigma Chemical Company, St. 
Louis, MO) using soluble enzyme activity buffer at 37°C unless otherwise specified 
(Sigma Product Note, 1986). 
The glucose concentration in the hydrolysate was measured using the 
Glucose (HK) reagent (product no. 16-50, Sigma Chemical Company, St. Louis, 
MO). The sample/reagent ratio used was 1:3 and the glucose concentration was 
calculated from a standard curve prepared using Glucose Standard (product no. 16-
300, Sigma Chemical Company, St. Louis, MO) with each use. 
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Electrophoresis 
SDS-polyacrylamide gel electrophoresis (PAGE) was performed on samples 
of the feed, effluent, 0.35 M and 1.0 M salt eluted fractions, affinity purified BGCD11 
and BGWT. Samples were dialyzed overnight in deionized water before loading. The 
7.5 % resolving gels were cast according to Laemmli (1970). The gels were stained 
overnight with 0.1 % Coomassie blue R250 in water/methanol/acetic acid solution 
(5:5:1 by volume) and destained with 30% methanol and 10% acetic acid solution. 
Determination of lilAER Activity 
The activity of the immobilized p-galactosidase (IMER activity) was measured 
using a modified soluble activity assay. The ionic strength of the soluble enzyme 
activity assay mixture was reduced to ca. 20 mM by a 5-fold dilution of the soluble 
enzyme activity buffer with deionized water. The 2-mercaptoethanol and 
MgCl2.6H20 concentrations remained the same and the ONPG concentration was 
increased 10-fold to 22.7 mM. The dilution prevented leakage of enzyme from the 
IMER during the assay and the increased ONPG concentration Icept the entire 
reaction at saturation levels of ONPG. 
The flow loop used to determine the IMER activity is shown in Figure 1. The 
IMER activity was measured at 21 °C. Before the ONPG was added, the IMER 
activity buffer (20 mL) was recirculated at 5 mL/min until a stable reading at 410 nm 
was reached (Hitachi U2000 Spectrophotometer with in-line 1.5-mL flow cell), 
usually within 3 minutes. Upon ONPG addition, absorbance was monitored over 10-
second intervals for 150 seconds. The reagent reservoir was stirred and l<ept at 
room temperature. After completing the activity test, the IMER was immediately 
washed with 5-10 mL of assay reagent followed by 5-10 mL of immobilization buffer. 
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Spectrophotometer 
4 How cell I 
Reservoir with 
assay reagent or 
lactose solution 
Figure 1 : Schematic diagram of the IMER activity test loop. For lactose 
hydrolysis, the spectrophotometer was not in the loop and analysis was 
off-line 
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Soluble Enzyme Kinetic Behavior 
The soluble enzyme kinetic behavior was determined using the rate of 
hydrolysis of ONPG. For each fusion, 50 |iL of the enzyme (ca. 2 )ig) was 
transferred to each cuvette containing 1.4 mL of soluble enzyme activity enzyme. 
After mixing, the solution was incubated at 37°C to activate the enzyme, ONPG at 
various concentrations (range from 0.1 mM to 4.5 mM) was added and the rate of 
hydrolysis was followed using absorbance at 410 nm. The initial rate data were 
normalized by dividing by the mass of protein. 
Determination of Initial Lactose Hydrolysis Rate 
In order to determine the kinetic parameters, initial hydrolysis rates at 21 °C 
were determined for different levels of initial substrate (lactose) and inhibitor 
(galactose) in immobilization buffer without 2-mercaptôethanol. The lactose feed 
solution (20 mL) was circulated through the IMER and stirred feed reservoir at 5 
mL/min using a peristaltic pump (Figure 1 without spectrophotometer). These 
conditions ensured that the IMER was a differential reactor (< 1% difference in inlet 
and outlet lactose concentration). Samples (0.25 mL) were removed from the feed 
reservoir over five timed intervals. Each sample was immediately immersed in a 
boiling water bath for at least 3 minutes to deactivate any enzyme leached from the 
IMER. The glucose concentration in each sample was determined. Before and after 
lactose hydrolysis the IMER activity on ONPG was assayed and the average IMER 
activity was used to normalize the initial rate data. 
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Whey Permeate Hydrolysis 
Hydrolysis was carried out at 21 °C as before except over an extended period 
(4 to 5 hours) with 100 mL of whey permeate. Samples were withdrawn from the 
reservoir during hydrolysis and analyzed immediately for p-galactosidase activity. 
71 
RESULTS AND DISCUSSIONS 
Immobilization 
The activity of soluble enzyme immobilized was calculated as the difference 
between that of the initial feed and that found in effluent and wash. The conditions 
used for immobilization are very effective; almost all the activity was captured (see 
Figure 2) and enzyme leakage was negligible (no activity detected in wash buffer). 
Approximately 50% of the soluble enzyme activity immobilized was retained (as 
IMER U) for all enzymes (Figure 2). Since the reaction rate was not limited by mass 
transfer, it is likely that the inactivation was due to steric hindrance of the active 
sites. The activity retained after immobilization reported here cannot be compared 
directly with literature values because we know of no references using a similar 
immobilization methods. However, there are several reports on activity retention of 
p-galactosidase from various sources using other adsorption method and covalent 
binding. A recent study by Bakken et al. (1992) using a similar membrane reactor 
with polyethyleneimine functional groups found that glutaraldehyde cross-linked 
P-galactosidase retained approximately 70% of the free activity immobilized. While 
Okos et al. (1978) reported that physical adsorption had little effect on enzyme 
activity, Bolado et al. (1991) obtained only 6.29% activity retention. For covalent 
binding, the reported values also vary and range from as low as 1% (Roodpeyma et 
al., 1983) to almost complete activity retention (Wondolowski and Woychik, 1974) 
and many intermediate values (Bôdalo et al., 1991; Mustard et al., 1973a; Nakanishi 
et al., 1983; 0stergaard and Martiny, 1973). 
72 
Feed Activity (U) 
^ Activity Immobilized (U) 
yj 20 
25 s 
BGWT BGCD1 BGCD5 BGCD11 BGCD16 
Figure 2: Immobilization of BGWT and BGCD fusions on microporous ion-
exchange membranes. The feed and immobilized activities are as free 
enzyme (U); the activity retained is as in the immobilized state (IMER 
U). Error bars are standard deviations based on four different IMERs 
and two activity measurements for each IMER 
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The effect of storage of IMERs at 4°C was followed by monitoring the IMER 
activity with time. At least 70% of the initial IMER activity remained after 80 days of 
intermittent use (ca. 1 hour use for hydrolysis) and storage. There is no apparent 
variation in loss of activity on storage among BGWT and the fusions. Sharp et al. 
(1969) reported a slightly higher activity loss (4.6% total activity loss per week over 3 
to 5 weeks period) for p-galactosidase physically bound to ion-exchange cellulose 
paper. 
Soluble Enzyme Kinetic Behavior 
For the soluble enzyme kinetics with no added galactose, the initial hydrolysis 
rates per unit mass of protein at various ONPG concentrations were fitted using 
equation (1) with [I] = 0. Typical results fitted using the Nonlinear Fit on JMP® 
version 2 Software for Statistical Visualization on the Apple® Macintosh (SAS 
Institute Inc.) are shown in Figure 3. The model fits the data adequately for all the 
enzymes studied and the kinetic parameters are shown in Table 2. None of the 
differences in between each fusion and BGWT reach the 95 % confidence level. 
A similar value of Km was reported by Bôdalo et al. (1991). All except BGCD16 have 
similar (variations may well be due to small differences in purity of the individual 
preparations). We do not know why the BGCD16 has lower V^; however, the finding 
is not totally unexpected. Anomalies with BGCD16 were reported earlier (Niederauer 
et al., 1993; Zhao et al., 1990). With the exception of BGCD16, it appears that the 
added charged peptides do not interfere with the enzymatic behavior. 
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Figure 3: Typical fit of results for specific rate of hydrolysis (iimol of nitrophenyl 
produced per minute per mg of protein) data at various ONPG 
concentrations fitted using Michaelis-Menten model for determination 
of kinetic parameters. Data shown are for BGCD11 at 37°C, pH 7.3, 
100 mM sodium phosphate buffer 
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Table 2; Kinetic parameters of wild type p-galactosidase and affinity purified 
fusions in soluble form determined using Michaelis-Menten model. 
Values in brackets indicate 95% confidence intervals 
Soluble Vm Km 
(umol/min-ma) (umol/ml) 
BGWT 570.4 (19.4) 0.234 (0.041) 
BGCD1 478.5 (16.6) 0.253 (0.041) 
BGC05 527.7(29.1) 0.230 (0.063) 
BGCD11 466.4 (12.0) 0.243 (0.030) 
BGCD16 244.7 (9.8) 0.284 (0.051) 
Immobilized Enzyme Kinetic Behavior 
The initial hydrolysis rate was first determined from the slope of the straight 
line corresponding to the plot of glucose concentration in the feed lactose solution 
versus time of hydrolysis. Typical straight line plots for various lactose 
concentrations are shown in Figure 4. In order to determine the kinetic parameters, 
the initial lactose hydrolysis rate at each galactose concentration was normalized 
using the average IMER activity on ONPG and fitted directly to equation (1) as 
before. Figure 5 shows a typical fit and the kinetic parameters are summarized in 
Table 3. There is some indication of a dependence of on galactose concentration 
in this plot. This is shown for all fusions and BGWT in Figure 6. The weak 
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Figure 4: Typical straight line plots for determination of initial hydrolysis rates at 
various lactose concentrations. Data shown are for BGCD11 IMER 
with no galactose added 
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Figure 5; Typical normalized hydrolysis rate (^mol of glucose released per 
minute per unit IMER activity) data at various lactose concentrations 
fitted using IVIichaelis-Menten model with competitive inhibition for 
determination of kinetic parameters. Data shown are for BGCD11 
IMER at 2rC, pH 7.0,25 mM potassium phosphate buffer for various 
galactose concentrations 
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Figure 6: The dependence of on galactose concentration for BGWT and 
BGCD fusions. The lines were fitted using least square regression and 
the correlation coefficients (r) for all proteins are smaller than 0.30 
except for BGCD1 (r=0.66) 
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Table 3: Kinetic parameters of wild type p-galactosidase and affinity purified 
fusions determined using Michaelis-I\^enten equation with competitive 
inhibition. Values in brackets indicate 95% confidence intervals 
IMER Normalized 
(umol/min-IMER U) 
Km 
(umol/ml) 
K| 
(umol/ml) 
BGWT 0.309 (0.012) 2.98 (0.78) 35(16) 
BGCD1 0.268 (0.008) 3.46 (0.60) 34 (9) 
BGCD5 0.266 (0.011) 4.34(1.01) 82 (48) 
BGCD11 0.263 (0.008) 3.32 (0.65) 39(12) 
BGCD16 0.272 (0.012) 3.73 (0.92) 34(14) 
dependence was found to be only marginally significant (P < 0.85 except for 
BGCD1) and was not incorporated into the kinetic model. All the fusions have very 
similar normalized values which were slightly lower (12-15 %) than the BGWT. It 
appears that there was no difference in and K| values among BGWT and all the 
BGCD fusions. It appears that the fusions show the same kinetics as the wild type p-
galactosidase. The added peptides do not interfere with the hydrolysis of lactose. 
IMER from Crude Cell Extract 
The salt concentration required to elute the BGCD11 fraction with maximum 
specific activity from the Acti-Disk membrane is between 0.4 and 0.5 M salt in extract 
buffer. In order to minimize BGCD11 loss and maintain highest possible specific 
activity of the protein remaining on the membrane, extract buffer containing 0.35 M 
NaCI was chosen as the first elution buffer. Table 4 summarizes the specific 
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activities and total activities at each step during cell extract BGCD111MER 
preparation. 
The specific activity of the effluent is lower than that of the feed, indicating 
that p-galactosidase is selectively bound to the membrane during the loading 
process. The first eluate at 0.35 M salt has even lower specific activity and it 
contains only a small amount of p-galactosidase along with many other proteins 
(Figure 7, lane 4). The subsequent eluate at 1.0 M salt represents the content of the 
Table 4: Specific activities at various steps in cell extract BGCD11 IMER 
preparation. Loading conditions were 0.1 M ionic strength, pH 5.7 
potassium phosphate buffer. Elution was achieved using the same 
buffer with added salt. Numbers in brackets are standard errors based 
on 4 replicates unless othenvise indicated 
Sample Specific Activity® (U/mg) Total Activity (U) 
Feed 72.5 (2.60) 20.8 
Effluent 33.0 (12.46) 2.7 (2.13) 
Wash #1 ~0 0.043 (0.061) 
Eluate at 0.35 M 10.1 (4.21) 0.37 (0.028) 
Wash #2 -0 ~0 
Eluate at 1.0 IV|b 165.0(3.61) 11.1 (0.37) 
Affinity purified BGCD11 198.4 (2.75) -
aat2rc. 
b based on 2 replicates. 
Figure 7: SDS-PAGE of cell extract components bound to ion-exchange 
membrane and eluted at 0.35 M and 1.0 M NaCI. Lanes 1 and 8 are 
molecular weight markers and p-gal denotes p-galactosidase. Lanes 2 
and 3 are cell extracts before and after passing through ion-exchange 
membrane, respectively. Lane 4 is 0.35 M salt eluted fraction and lane 
5 is cell extract IMER components eluted using 1.0 M NaCI. Lane 6 
and 7 are BGWT and affinity purified BGCD11, respectively 
Eflliieiit 
0.35 M Eluate 
1.0 M Eluate 
BGWT 
BGCDll 
MW 
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cell extract IMER and has a specific activity of 165 U/mg. Based on the specific 
activity of the affinity purified BGCD11, the cell extract BGCD11 IMER has a purity of 
83%. The activity retained, 44.7% (s.d.=6.9%), is similar to that when the IMER was 
loaded with purified enzyme (Figure 2). Only 64.3% and 56.0% of the activity and 
protein, respectively, were accounted for. The fact that activity was detected in the 
IMER after elution using 1 M NaCI buffer suggested that some protein remained 
tightly bound to the membrane. 
Ljungquist et al. (1989) have described a similar immobilization approach 
using a histidine peptide fused to p-galactosidase. Their preparation had 40% purity 
but most of the activity was lost. In a more recent report, Piesecki et al. (1993) 
successfully immobilized a hexa-histidlne p-galactosldase fusion directly from cell 
extract on Ni2+-nitriloacetic acid adsorbent with 95% purity and obtained 64% 
activity retention. 
In order to evaluate the performance of BGCD111MER prepared directly from 
cell extract, initial hydrolysis rates of lactose at various concentrations were 
measured and analyzed as before. Figure 8 compares the results of the cell extract 
BGCD11 IMER to that prepared with affinity-purified BGCD11 IMER. The 
corresponding kinetic parameters are tabulated (Table 5).The values for the two 
BGCD111MERs are very similar. However, the cell extract IMER shows 27% lower 
normalized than the affinity purified BGCD11 IMER. It appears that the impurities 
present in the BGCD11 IMER prepared using the cell extract affected activity toward 
lactose more than toward ONPG. There is no apparent reason for this though activity 
differences among substrate are not uncommon. 
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Figure 8: Normalized hydrolysis rate (^mol of glucose released per minute per 
unit IMER activity) data at various lactose concentrations fitted using 
Micliaelis-Menten model for enzyme applied to the ion-exchange 
membranes as a crude cell extract and as an affinity purified solution 
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Table 5: Kinetic parameters of crude cell extract and affinity purified BGCD11 
determined using Michaelis-Menten model. Values in brackets indicate 
95% confidence intervals 
IMER Source Normalized V,^ Km 
(umol/min IMER U) (umol/ml) 
Affinity Purified BGCD11 0.256 (0.011) 3.81 (0.867) 
Cell Extract BGCD11 0.187(0.0061) 4.17(0.716) 
Whey Permeate Hydrolysis 
Both BGWT and BGCD11 IMERs were successful for hydrolyzing lactose in 
whey permeate. No enzyme leakage (no enzyme activity detected in feed reservoir) 
or enzyme inactivation (no IMER activity loss) were observed after approximately 4 
hours of operation. In order to test the retention ability of BGC011 on ion-exchange 
membrane at higher ionic strength, salt was added to the whey permeate before 
hydrolysis. When the ionic strength of whey permeate was increased to 0.25 M, 
approximately 10% of the soluble BGWT immobilized was leached out of the IMER 
(Figure 9). Subsequent use with whey permeate at 0.30 M caused another 40% 
BGWT leakage in the first 15 minutes. The immobilized BGWT continued to leach 
out but at a slower rate over the next 4 hours of operation and only 23% of the initial 
IMER activity remained after a total 8 hour operation. On the other hand, BGCD11 
showed no significant enzyme leakage (no enzyme activity detected in the feed 
reservoir) over 5 hours of operation at 0.3 M ionic strength and 90% of the initial 
IMER activity remained on the reactor. These results signify that enzyme leakage 
can be prevented via the enhanced binding of the charged fusion. 
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Figure 9: IMER activity remaining (% of initial IMER activity) and soluble activity 
(% of soluble activity immobilized) in feed reservoir during whey 
hydrolysis. No significant soluble activity was detected for BGCD11 
IMER over the entire period of hydrolysis of whey adjusted 0.3 M ionic 
strength. Solid lines and dotted lines are for hydrolysis experiments of 
whey with 0.25 M and 0.30 M ionic strength, respectively. Error bars 
are based on duplicate measurements 
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CONCLUSIONS 
This work demonstrated that p-galactosidase fusions can be used in enzyme 
immobilization for lactose hydrolysis. Not only did the added charged purification 
fusions not interfere with the hydrolysis, but the enhanced binding provided end use 
advantages over the wild type p-galactosidase. It allowed the enzyme to perform at 
0.3 M ionic strength without leakage and the enhanced binding also facilitated the 
development of the IMER directly from cell extract. 
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ANION-EXCHANGE CHROMATOGRAPHY 
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ABSTRACT 
The retention behavior of a series of negatively-charged p-galactosidase 
fusion proteins carrying an additional 1 (designated BGCD1), 5 (BGCD5), 11 
(BGCD11), and 16 (BGCD16) aspartate residues was studied. The added tails 
promoted protein retention in order of tail length and were most effective closer to 
the isoelectric point. The two parameters, Z and I, obtained from the stoichiometric 
displacement model were used to characterize the extent of binding between the 
protein and the ion-exchange surface. At pH 5.7, the Z number increased with tail 
length (charge) and was 11.5,8.5,6.9 and 5.3 for BGCD11, BGCD5, BGCD1 and 
wild type p-galactosidase (BGWT), respectively. At these conditions, the fusions had 
very similar I values which were five times smaller than that of BGWT. However, the 
increase in Z numbers outweighed the decrease in I values and an overall enhanced 
retention was reported. When BGWT was brought to the same net charge (by 
increasing the mobile phase pH) as each of the fusions, the Z number was similar to 
that of the corresponding fusion. However, the I value decreased with increasing pH 
(net charge) and was lower than that of the corresponding fusion. Consequently, 
despite the similar Z numbers, the fusions had a higher retention. 
Keywords: p-galactosidase; binding number; charged fusions; ion-exchange; 
protein retention. 
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LIST OF SYMBOLS AND ABBREVIATIONS 
BGCD p-galactosidase with carboxyl aspartate fusion peptide 
BGWT wild-type p-galactosidase 
[D] displacing ion concentration 
[Dbil ionic capacity of ion-exchange resin 
I parameter in equation (5) 
k' capacity factor 
Keq binding constant 
[S] solute (protein) concentration 
retention time 
^0 retention time of soiute at non-retained condition 
Z number of charge interactions 
Zp protein estimated net charge 
M^elute NaCI concentration required for elution 
(P phase ratio (ratio of stationary and mobile phase volumes) 
subscriDts for D and S 
b bound state 
0 free state (in solution) 
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INTRODUCTION 
Protein separation based on ion-exchange adsorption is the most widely used 
step in downstream processing (1). In principle, the unique electrostatic interactions 
of each protein with the stationary phase of the ion-exchange sorbent form the basis 
for separation. However, the amphoteric nature and three-dimensional structure of 
the proteins make their interaction with the ion-exchange surface very complex (2, 3, 
4, 5). 
The three-dimensional structure and charge distribution of the protein 
determine the surface amino acid residues which are in position to interact with the 
ion-exchange sorbent. The surface area containing the amino acid residues 
participating in the interaction is referred to as the chromatographic contact region or 
footprint of retention (5). A single amino acid variation in the chromatographic 
contact region can have a marked effect on protein retention (6). The residues in the 
contact region may interact directly with the sorbent, or they may influence binding of 
other residues through electrostatic effects on the dissociation of neighboring 
residues and steric perturbation of hydrogen bonded water molecules (6). In 
addition, the charged density of ion-exchanger (7,8) and the type of displacing ions 
of mobile phase (2,9,10,11) can affect retention, elution, resolution, selectivity and 
recovery. 
Using recombinant DNA technology it is possible to produce genetically 
engineered proteins with charge characteristics specifically designed to facilitate 
purification (12, 13,14) and/or to study chromatographic retention mechanisms (6). 
Our previous work has taken advantage of negatively-charged tails to enhance 
p-galactosidase recovery (14) and immobilization (15) using ion-exchange 
membranes. The tails were a series of polyaspartate fusions of the form: Gly-Asp-
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Pro-Met-Ala-(Asp)n-Tyr adding 1, 5,11, and 16 negative charges to p-galactosidase 
designated as BGCD1, BGCD5, BGCD11, and BGCD16, respectively. In this work 
we use the same series of fusion proteins to investigate the contributions of the high 
linear charge density region of the fusion tails to protein retention in anion-exchange 
chromatography. 
The stoichiometric displacement model (16) based on the mass action law 
was used to characterize the retention. For this model, the ion-exchange "reaction" is 
represented by 
Sq+Z-Db <=> Sb+Z'Do (1) 
The free solute (S^) will displace multiple (Z) bound ions (D^) when it is adsorbed 
(Sy) on the ion-exchange sorbent surface. The stoichiometry of the displacement 
process is determined by the number (Z) of displacing ions in solution (D^) required 
to displace the solute from the sorbent. The equilibrium is expressed as 
z 
eq = i2 (2) K_=[MÈ2l 
[So][Db] 
where Kgq is a binding constant. For low protein coverage, the protein retention (as 
capacity factor k') can be related to the displacing ion concentration by (7,17) 
The capacity factor, k', is related to protein retention by 
(4) 
'o 
where tp and tg are the retention times of the solute at retained and non-retained 
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conditions, respectively. I is independent of and is given by the equation 
where 9 and [Dj^j] are phase ratio (ratio of stationary and mobile phase volumes) and 
the ionic capacity of the resin, respectively. I is independent of and given by the 
ratio of the rate of adsorption of protein from the mobile phase to the rate of 
desorption of bound protein from the stationary phase. The changes in I values can 
sometimes be explained by the number of chromatographic contact regions 
available for effective (i.e. leading to binding) collisions between these regions and 
the sorbent (kgdsorption) well as the ease of solute desorption (kjesorption)-
The two parameters, Z and I, are obtained using the linear form of equation 
By measuring tp for isocratic elution at a series of levels, Z and I can be 
calculated from equation (4) and the slope and intercept of the data plotted 
according to equation (6). 
The model has been widely used to describe ion-exchange retention of 
nucleic acids (17) and proteins (2, 6, 7,8,18). For example, Kopaciewicz et al. (2) 
found that increased protein retention was due to an increase in Z number. Others 
(6, 7) reported that even proteins with similar Z numbers can have different 
retentions based on their I values. These latter studies found that the probability of 
an effective collision and, hence, the rate of adsorption of a solute is proportional to 
I = Keq (p [Dbif (5) 
(3), 
(6) 
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the number of chromatographic regions available for interaction with the ion-
exchange sorbent. 
The model has also been successfully applied to hydrophobic (19) and 
reversed-phase (5,20,21) chromatography of proteins. Mazsaroff et al. (18) has 
derived a similar model for preparative ion-exchange chromatography to investigate 
the effects of protein concentration on Z numbers. 
The Z numbers obtained using this model provide some insight to the role of 
three-dimensional structure in ion-exchange chromatography. For small molecules 
such as oligonucleotides with less than 10 residues, Z is equivalent to the number of 
negative charges in the molecule (19). For larger molecules such as proteins and 
oligoneucleotides with more than 10 residues, due to steric limitations and charge 
asymmetry, the Z numbers are substantially lower than their net charges (2,10). 
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EXPERIMENTAL 
Materials 
All the BGCD fusions were purified from Escherichia coli cell mass using 
ammonium sulphate precipitation followed by binding to an affinity matrix (14). After 
elution from the affinity matrix, the protein was dialyzed against 100 mM, pH 7.0 
potassium phosphate buffer containing 5 mM MgCl2.6H20 and 1 mM 2-
mercaptoethanol, freeze dried and stored desiccated at 4°C. Before use, the protein 
was redissolved in deionized water, filtered (0.2 fxm cut-off) and checked for DNA 
content using the ratio of absorbance at 280 nm to 260 nm. In cases where high 
amounts of DNA (> 10%) were detected, the proteins were further purified using ion-
exchange (ActiDisk® with quaternary amine functionality, FMC Corp., Pine Brook, 
NJ). Each fusion was first dialyzed against 25 mM, pH 5.7 bis-Tris buffer and loaded 
by syringe onto a new membrane preequilibrated with the same buffer. The effluent 
was collected in another syringe and recirculated through the membrane (five times). 
The loaded membrane was then washed with 10 mL of the bis-Tris buffer followed 
by step gradient elution using NaCI steps (0.1 M, 0.2 M 0.7 M, 1 M, 2 M) in the 
same buffer. Samples from each step were analyzed for A280/A260 nm ratio. 
Fractions (0.4 M and 0.5 M for BGCD1 and BGCD5: and 0.5 M and 0.6 M for 
BGCD11 and BGCD16) with ratios higher than 0.7 (<10 % DNA) were pooled, 
dialyzed against 25 mM, pH 5.7 bis-Tris buffer and stored at 4°C until use. The wild 
type p-galactosidase (BGWT) and all reagents were purchased from Sigma 
Chemical Company, St. Louis, MO. All solutions were prepared with deionized water 
(resistivity > 16 MQ-cm; NANOpure II, Barnstead, Boston, MA) adjusted to the 
desired pH using HCI, and filtered (0.2-|im cut-off). 
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Chromatography 
All chromatographic experiments were performed on a strong anion-exchange 
perfusion column with quarternized polyethyleneimine functionality (POROS® Q, M-
Series, 2.1 mmD x 30 mmL; PerSeptive Biosystems, Cambridge, MA). The 
chromatographic system consisted of a gradient mixer (Model 2360 Gradient 
Programmer, ISCO, Lincoln, NE), pump (Model 2350 HPLC Pump, ISCO) and a 
variable wavelength detector (Beckman 165, Beckman Instruments, Inc., Berkeley, 
CA). Data were collected and analyzed on an IBM compatible computer using 
Dionex Advanced Interface and Software (Dionex Corp., Sunnyvale, CA). 
Retention data were obtained using gradient elution at a flow rate of 1 mUmin 
at room temperature (21 °C). A 10-minute linear gradient from 25 mM bis-Tris buffer 
( b u f f e r  A )  t o  2  M  N a C I  i n  b u f f e r  A  ( b u f f e r  B )  a t  v a r i o u s  p H s  w a s  u s e d .  A t  t h e  e n d  o f .  
the gradient, buffer B was held for 3 minutes before switching to buffer A to 
reequilibrate (at least 7 minutes) the column for subsequent injection. All samples 
were injected using a 20-|xL sample loop. 
Isocratic analyses were carried out at the same conditions: 1 mL/min, 21 °C 
and 20 )xL sample. Initial values of NaCI concentration for isocratic elution were 
obtained from the gradient elution. The NaCI concentration was adjusted using 
buffers A and B in the desired ratio. After each isocratic experiment the column was 
cleaned using buffer B (5 minutes) and reequilibrated (at least 7 minutes). The 
retention time for the 2 M NaCI experiment was taken to be to. 
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RESULTS AND DISCUSSIONS 
Retention Maps 
Figure 1 shows the protein retention (as NaCI concentration required for 
eiution, as a function of mobile phase pH for BGWT and all the BGCD fusions. 
For BGWT, BGCD1, and BGCD5, protein retention increased with increasing pH. 
This is expected of anion-exchange chromatography; retention generally increases 
as the surrounding environment becomes more basic and the protein becomes more 
negatively charged. However, BGCD11 and BGCD16 did not show significant 
variation in retention over the pH range studied. One possible explanation is that 
even at low pH, the fusion tail has provided sufficient charge for maximum retention 
and further increases in charge (by increasing pH) did not increase retention. At all 
the pH values, the fusion proteins are retained longer than BGWT and the order of 
retention increased with increasing tail length (charge). 
In order to better understand the effect of the high linear charge density 
region on p-galactosidase retention, the retention data in Figure 1 were replotted as 
a function of estimated net charge (14). Figure 2 shows that the protein retention 
increased with increasing net charge for BGWT (up to Zp « -75), BGCD1 and 
BGCD5, confirming the previous observation that Heiute increased with increasing 
pH is a direct consequence of the increase in net charge. On the other hand, the 
retentions of BGCD11 and BGCD16 did not vary significantly with the net charges. 
Figure 2 also shows that at a given net charge, all the fusions show higher retention 
than the BGWT. This clearly demonstrates that the added tails promote protein 
retention and the increase parallels the tail length. 
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Protein retention (measured as the NaCI concentration required to 
elute the protein, Heiute) function of pH for BGWT and BGCD fusions 
at 25 mM bis-Tris,1 mL/min and 2rC. Each data point is based on at 
least three replicates. Error bar indicates the average standard 
deviation (pooled estimates for each protein over all pHs studied) 
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It Is general practice in ion-exchange chromatography to vary the mobile 
phase pH and, hence, the protein net charge to obtain optimum separation. We have 
shown that the protein net charge can also be altered by adding charged tails to the 
protein. In order to correlate the dependence of on the additional charge due 
to the added tail, linear regression plots of ^elute versus the protein net charge at a 
various pHs were constructed and Figure 3 shows a typical plot obtained at pH 5.5. 
The absolute value of the slope thus obtained, l/S^gigtg/AZpi, is a measure of the 
effectiveness of the additional charge due to the added tail in enhancing the (3-
galactosidase retention. Figure 4 show such slopes as a function of pH. The 
IA|ie|yte/AZpi generally decreased until pH 6.0 and then remained relatively constant, 
indicating that the additional charges carried by the tails were best utilized (to 
enhance retention) at the low pH conditions. One possible explanation is that as the 
pH increases, the protein net charge also increases and the tail represents only a 
small portion of the total charge. 
Stoichiometric Displacement li/lodel 
Equation (6) was fitted using linear least-square regression (JMP® version 2, 
Software for Statistical Visualization on the Apple® Macintosh, SAS Institute, Inc.). 
The correlation coefficients (r) for all protein, except for the BGCD1 (r = 0.94), are 
greater than 0.98. The Z numbers and I values obtained were used to characterize 
the strength of binding between the protein and the ion-exchange surface. 
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Figure 3: NaCI concentration required for eiution (Heiute) versus estimated 
protein net charges (Zp) at pH 5.5 with 25 mM, pH 5.5 bis-Tris buffer, 
1-mL/min flow and 21 °C. Results for other pHs are similar and all have 
linear correlation coefficients (r) greater than 0.98 
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Figure 4: Effectiveness of added tails for enliancing retention as a function of 
pH. The lAHgimg/AZpl values were obtained from the slope of the plot in 
Figure 3 at various pHs 
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Effects of Adding Charged Tails at Constant pH 
Figure 5 shows the plots of log k' at pH 5.7 versus log l/fDg] for BGWT, 
BGCD1, BGCD5, and BGCD11. The values of Z (i.e. the slope) increased with 
increasing tail length. They were 11.5, 8.5, 6.9 and 5.3 for BGC011. BGCD5, 
BGCD1 and BGWT, respectively (see Figure 6). The additional charges carried by 
the fusion tails result in a greater direct electrostatic contact between the protein and 
the ion-exchanger. The Z number of each protein was non integral and represents 
only a small fraction of the protein net charge: 0.28, 0.32,0.23, and 0.19 for BGWT, 
BGCD1, BGCD5, and BGCD11, respectively. This is consistent with many early 
reports (2, 6,7), which suggest that due to steric limitations only a small portion of 
the protein is participating in the interaction. 
The 1 values for all the fusions were of the same order of magnitude and were 
approximately 5 times smaller than those for BGWT (Table 1, column 3). The lower I 
values obtained for the fusions thus indicated that the added tails result in a 
decrease in the ratio of the rate of adsorption of protein from the mobile phase to the 
rate of desorption of the bound protein from the stationary phase. However, the 
overall enhanced retention seen earlier (Figure 1) indicates that the increase in the 
number of direct electrostatic interactions (Z) outweighed the decrease in I value. 
Distributed Charges versus High Linear Charge Density Region 
In order to compare the contributions of a high linear charge density region to 
those of distributed charges, the Z and I values of BGWT having the same net 
charge (by varying the mobile phase pH ) as each of BGCD1, BGCD5, and BGCD11 
were determined as before. Figure 6 shows that the binding number of each fusion 
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Figure 6: Comparison of binding numbers (Z) for BGCD fusions at pH 5.7 and 
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mobile phase pH (to pH 5.74, 5.92, and 6.18 to match BGCD1, 
BGCD5, and BGCD11, respectively) 
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Table 1 : Comparison of I values for p-galactosidase fusions at pH 5.7 and 
BGWT brought to the same net charge by varying the mobile phase 
pH. The I values are obtained at 25 mM bis-Tris buffer at 1 mL/min, 
21 °C 
Protein 
Estimated 
Net Charge 
at pH 5.7 
I 
at pH 5.7 
I for BGWT at 
same net charge 
as fusion® 
BGWT -18.67 1.85x10"^ -
BGCD1 -22.48 3.73x10"® 1.45 X 10"® 
BGCD5 -37.72 2.46 X 10"® 1.04 X 10"^ 
BGCD11 -60.57 2.95X 10"® 6.80 X 10"® 
8 achieved by varying the mobile phase pH to 5.74,5.92 and 6.18 to obtain the same 
net charge as BGCD1, BGCD5 and BGCD11, respectively. 
studied was similar to that of BGWT at the same estimated net charge. However, the 
I value for BGWT decreased with increasing pH (Table 1, column 4) and was lower 
than the corresponding fusion at the same net charge (Table 1, column 3 versus 4). 
In estimating the net charge (14), all the charged amino acid residues were assumed 
to be fully ionized. However, due to the amphoteric character of the protein, this is 
generally not the case. During the preparation of this manuscript, an attempt was 
made to estimate the BGWT net charge using the titration data and the pi value (4.8) 
approximated from the solubility data (J. R. Luther, personal communication). Based 
on these new charge estimates, the Z number of each of the fusions studied was at 
most equal to that of the BGWT at the same net charge; the I values of the fusions 
remained higher than that of BGWT. It appeared that despite the similar (or lower) Z 
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numbers, each of the fusions studied has a higher I value and, hence, a higher 
(Figure 2). 
There are two possible ways in which the added tails can enhance binding. 
The tails may promote binding via the "steering" effect reported earlier by 
Kopaciewicz et al. (2). This high linear charge density region can orient or steer the 
protein into a position such that the chromatographic contact region can interact 
more favorably with the ion-exchange surface. However, the alternative in which the 
tails serve as the chromatographic contact region was most likely to be responsible 
for the enhanced retention. The flexibility and accessibility of the tails increased the 
probability of an effective interaction between the protein and the ion-exchange 
surface. One could speculate that the rate of desorptlon would also be lower for the 
tailed case where displaced sections of the tail are kept positioned for resorption by 
those sections not yet displaced. Hence, desorptlon required nearly simultaneous 
displacement of all the tail sites. Overall, the high linear charged density region fused 
to the p-galactosidase provided an effective way to enhance protein retention by 
increasing the Z numbers without reducing the I values. 
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CONCLUSIONS 
It was demonstrated that a high linear charge density tail fused to 
p-galactosidase can enhance protein retention in anion-exchange chromatography. 
The additional charges carried by the tails enhanced retention in the following order; 
BGCD16 > BGCD11 > BGCD5 > BGCD1 > BGWT. The added tails were most 
effective in enhancing retention at low pHs. 
Two parameters, Z and I, obtained from the stoichiometric displacement 
model were used to characterize the extent of binding between the protein and the 
ion-exchange surface. At pH 5.7, the Z number increased with tail length (charge) 
and was 11.5. 8.5, 6.9 and 5.3 for BGCD11, BGCD5, BGCD1 and BGWT, 
respectively. At these conditions, the fusions had very similar I values which were 
five times smaller than BGWT. However, the increase in Z numbers outweighed the 
decrease in I values and an overall enhanced retention was observed. Similar Z 
numbers were obtained for the BGWT brought to the same net charge (by varying 
the mobile phase pH) as each of the fusion . The I values of BGWT decreased with 
increasing pH (net charge) and were lower than that of the corresponding fusion. 
Consequently, despite the similar Z numbers, the fusions had a higher retention than 
the corresponding BGWT at the same net charge, demonstrating the effectiveness 
of the high charge density tail. 
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GENERAL CONCLUSIONS 
It was demonstrated that a series of negatively-charged (3-galactosidase 
fusions can be used to enhance protein recovery and immobilization and to study 
protein retention behavior in ion-exchange. 
The additional charges carried by the fusion tails allowed selective recovery of 
P-galactosidase from E coli cell extract using HFIEM adsorption. The 
p-galactosidase was recovered In active form and the purification factors increased 
with fusion length. Simple on/off adsorption resulted in more than three-fold 
enrichment of BGCD11 from cell extracts. Using step gradient elution, BGCD11 
resulted in more than six-fold enrichment in specific activity which is comparable to 
that of BGWT and affinity-purified fusion protein. 
Kinetic studies indicated that the p-galactosidase fusions can be used in 
enzyme Immobilization for lactose hydrolysis. Not only did the added charged 
residues not interfere with the hydrolysis, but the enhanced binding enabled the 
BGCD11 IMER to function at a higher ionic strength (0.3 M) than the BGWT IMER 
without enzyme leakage. Combined separation and Immobilization was 
demonstrated by preparing a BGCD11 IMER directly from cell extract. The BGCD11 
IMER prepared from cell extract had a slightly lower activity on lactose than the 
IMER prepared using affinity-purified BGCD11. 
Retention mappings showed that all the fusions have higher retention than the 
BGWT. The added tails enhanced retention in proportion to the tail length (charge) 
and were most effective at low pHs. The two parameters, Z and I, obtained from the 
stoichiometric displacement model were used to characterize the extent of binding 
between the protein and the ion-exchange surface. At pH 5.7, the Z numbers were 
11.5, 8.5, 6.9 and 5.3 for BGCD11, BGCD5, BGCD1 and BGWT, respectively. The Z 
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numbers of the BGWT brought to the same net charge (by varying the mobile phase 
pH) as each of the fusions were similar to that of the corresponding fusion. However, 
unlike the case of pH variation, the tails increased the Z number without affecting the 
I value. Consequently, each fusion has similar Z number but higher I value than 
BGWT of the same net charge, hence demonstrating the effectiveness of the high 
charge density fusions. 
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APPENDIX A 
According to the law of mass action, an ion-exchange "reaction" can be 
represented by the equilibrium (Drager and Regnier, 1986 and 1987) 
SQ + Z-D|5 <=> SJ, + Z* DG (A1) 
The solute (Sg) free in solution will displace multiple (Z) bound ions (0^) when it is 
adsorbed (S5) on the ion-exchange sorbent surface. The stoichiometry of the 
displacement process is determined by the number (Z) of displacing ions in solution 
(DQ) required to displace the solute from the sorbent. The development of the 
equation relating the chromatographic retention to the displacing ion concentration 
follows closely that of Kopaciewicz et al. (1983). The equilibrium is expressed as 
where K@q is a binding constant. For all the sorbents there is a maximum capacity 
(Spp) and the bound solute can be expressed as the fraction (f) of sorbent surface 
loaded with solute by equation 
f = ^  (A3) 
l^mj 
Similarly, as solute is bound to the surface, the bound displacing ion concentration, 
[D5], decreases according to 
[Dbl = [Dbi] (l-f) {A4) 
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where [D^j] is the initial ionic capacity and (1-f) is the fraction of the sorbent surface 
still available for solute binding. Equations (A3) and (A4) can be substituted into (A2) 
to obtain 
K@q can be related to the chromatographic distribution coefficient (Kj) defined by 
Combining equations (A4) to (A6) gives 
(A7) 
1^0 j 
For low protein loading, (1-f) -> 1 and equation (A7) reduces to 
= Keq (A8) 
Equation (A8) can be related to the capacity factor, k', and the phase ratio, cp, by 
Kd = ^  (A9) 
The capacity factor and phase ratio are related to protein retention by measurable 
variables: 
= (AlO) 
to 
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where tp and t© are the retention times of the solute at retained and non-retained 
conditions, respectively; and 
where V is the volume and the subscripts s, o, and t are for stationary and mobile 
phases and total, respectively. Equations (AS) and (A9) can be combind to give the 
following expression 
K'=K„<p(Db,f (A12) 
or. 
k'= 
Kr 
(A13) 
which can be linearized: 
(A14) 
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APPENDIX B 
The estimated net charges of p-galactosidase and the fusions were calculated 
(J. R. Luther, personal communication) using the Henderson-Hasselbalch equation: 
pH = pK+log 
where RH « R~ + H"^, or 
pH = pK + log 
RH 
(81) 
' mi ' 
KlJ (B2) 
where RH^ *»R+H^. For each i^h amino acid present in the protein, the fraction of 
dissociation at a given pH was calculated according to the equation 
jRL = io(P'^ -P'^ a.O=_Ji_ 
[RH] nj-Xj (B3) 
where n; is the number of the i^h amino acid present in the protein and Xj is the 
number of i*h amino acids in dissociated form. The net charge at a given pH is given 
by the sum of Xj for each i^h amino acid present in the protein: 
1Q(pH-pKa,i) 
(B4) 
The estimates of pKa values (Stryer, 1988) and the number of ionizable 
amino acids in BGWT along with the amino acids fused to each BGCD fusions are 
given in Table 1. The amino acid counts of BGWT were obtained from the amino 
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acid sequence pubiislied by Kalnins et al. (1983). Table 2 show the estimated net 
charge as a function of pH calculated using equation (B4). 
Table 1 : Estimates of the ionizable amino acid pKa values (Stryer, 1988) and 
the number of ionizable amino acids present in BGWT (Kalnins et al., 
1983) along with the number of each amino acid fused to each BGCD 
fusions 
Amino Acid pKa BGWT BGCD1 BGCD5 BGCD11 BGCD16 
Histidine 6.5 136 - - - -
Lysine 10 80 • - - -
Arginine 12 264 - - - -
Tyrosine 10 124 +4 +4 +4 +4 
Cysteine 8.5 64 - - - -
Aspartate 4.4 256 +4 +20 +44 +64 
Glutamate 4.4 248 - - - -
Carboxy-terminus 3.1 4 - - - -
Amino-terminus 8 4 - - - -
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Table 2: Estimates of BGWT and BGCD fusion net charge at various pH values 
PH BGWT BGCD1 BGCD5 BGCD11 BGCD16 
5.0 73.0 69.8 57.1 37.9 21.9 
5.1 54.6 51.3 38.0 18.0 1.3 
5.2 38.4 35.0 21.2 0.5 -16.8 
5.3 24.3 20.7 6.5 -14.8 -32.6 
5.4 11.8 8.1 -6.4 -28.2 -46.4 
5.5 0.7 -3.0 -17.9 -40.1 -58.6 
5.6 -9.4 -13.1 -28.2 -50.8 -69.6 
5.7 -18.7 -22.5 -37.7 -60.6 -79.6 
5.8 -27.5 -31.3 -46.7 -69.8 -89.0 
5.9 -36.1 -39.9 -55.4 -78.7 -98.1 
6.0 -44.6 -48.5 -64.1 -87.5 -107.0 
6.1 -53.2 -57.1 -72.8 -96.3 -115.9 
6.2 -62.0 -65.9 -81.6 -105.3 -125.0 
6.3 -70.9 -74.8 -90.6 -114.3 -134.1 
6.4 -79.9 -83.8 -99.7 -123.4 -143.2 
6.5 -88.8 -92.8 -108.7 -132.5 -152.3 
6.6 -97.7 -101.6 -117.5 -141.4 -161.3 
6.7 -106.2 -110.1 -126.1 -149.9 -169.8 
6.8 -114.2 -118.2 -134.1 -158.0 -178.0 
6.9 -121.7 -125.7 -141.7 -165.6 -185.5 
7.0 -128.6 -132.6 -148.5 -172.5 -192.4 
7.1 -134.9 -138.8 -154.8 -178.8 -198.7 
7.2 -140.5 -144.5 -160.5 -184.4 -204.4 
7.3 -145.6 -149.6 -165.6 -189.6 -209.6 
7.4 -150.3 -154.3 -170.3 -194.3 -214.3 
7.5 -154.7 -158.7 -174.7 -198.6 -218.6 
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APPENDIX C 
Peclet Number Calculation 
The Peclet number for the HFIEM Is calculated based on the following: 
fiber length (If) 6 cm 
average fiber diameter (df) 1.04 mm 
fiber wall thickness (1J 0.125 mm 
pore size (d^) 0.2 um 
fiber porosity (e) 40% 
solute diffusion coefficient (D) 3 X 10"7 cm^/sec 
flow rate (F) 5 cm3/min 
The residence time (x) can be calculated by 
T = ^ (CI) 
where Vp and Fp are the pore volume and flow rate through the pore, respectively. 
These are given by 
Vp = Ax p X lyy (C2) 
and (C3) 
P A,P 
where A^ p, np and are cross sectional pore area, number of pores and the total 
hollow fiber surface area, respectively. Substituting equation C2 and C3 into 
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equation C1 gives: 
I w X e x A f  
F 
_ (0.0125cm)(0.4)[3x27c(0.052cm)(6cm)] 
5cm®/fnin 
= 0.006 min 
= 0.353 sec 
= 3.333x10"^ sec 
The Peclet number is: 
p^_ 3.333x10"^ sec 
0.353 sec 
= 1/1058 
Oamkohler Number Calculation 
The rate of mass transfer (Wg) from the interior of a pore to the pore wall is 
given by: 
where Cg^ and Cg are substrate concentration in the bulk of the solution and at the 
immobilized enzyme surface, respectively, kg is the mass tranfer coefficient and Ap 
is the surface area of one pore. 
The time required for radial diffusion can be calculated as: 
4x3x10"^ cm^/sec 
Ws = kgAp (Csb - Cg) (C4) 
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During the reaction, the rate of substrate transfer is equal to rate of substrate 
consumption (Michaeiis-Menten equation): 
ks^(Csb-Cs) = ;^ (C5) 
Vp + 
where Vp and p are pore volume, and maxim un reaction rate per pore, 
respectively. This equation can be expressed in dimensionless form as: 
(C6) 
Da 1+pc s 
where 
" Mpcl 
•^m 
Da is know as Damkôhler number and is the ratio of the maximum reaction rate over 
the maximun mass transfer rate. For cases where mass transfer rate is much greater 
than the reaction rate, Da « 1. 
The Da for the IMER is calculated based on the following: 
membrane diameter (dm) 25 mm 
membrane wall thickness (Iw) 1 mm 
pore size (dp) 1 m 
fiber porosity (e) 40% 
substrate diffusion coefficient (D) 1 X 10-5 cm^/sec 
flow rate (F) 5 cm^/min 
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First, the Reynolds number for flow through each pore is: 
lx,p 
Rep = ^  (C8) 
where Fp and A^ p are the rate of flow throught the pore and the pore cross section 
area. Fp is related to the flow through the membrane (F) and number of pores on the 
membrane (np): 
F Fp = 
n, 
^ . (09) 
where is the cross section area of the membrane. Substituting equation C9 into 
C8 gives: 
Rep = -^ 
^ eAx.mV 
(scmVtnin)(lO-'cm)(1ini%03gJ 
0.4[7c(1.25cm)^](l0"^ cm^/sec) 
= 4.2x10"^ 
For Rep< 2300 and Iw/dp = 1000, the flow through the pore is fully developed laminar 
flow. 
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For fully developed laminar flow, the ks can be estimated using the Nusselt 
number for mass transfer: 
Nu = !^ = 4.364 (Oil) 
or 
1x10-=cm (C12) 
_ 4.364 X1X10~^ cm^/sec 
"® 
= 43.64 cm/sec 
The Damkôhler number is: 
Da = -^^^ 
ksApCsb 
_ (Vm/"p)Vf 
ks^p^sb 
Vfn 
EA x.m. 
^x.py 
Vr 
ksApCsb 
Vm Vp Ax,p 
ks E Ax,m Csb Ap 
(4.91x10"^ nmol/sec- ml)j^7t(5 x 10~® cm)^ (0.1cm) rc(5 x 10"® cm)' 
(43.64 cm/sec)(0.4)[ jc(1.25 cm)^](20|imol/ml)[27r(5x10~®cm)(0.1cm)] 
= 3.38x10 ,-7 
